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Resumo 



Palavras-chave: Quark top, correntes neutrais, viola9ao de sabor, modelos 
para alem do modelo padrao, propriedade dos leptoes, flavor symmetries 



Nesta tese discutiremos a parametriza9ao de efeitos relacionados com nova 
fisica em altas energias, isto e, fisica para alem do modelo padrao (MP) das in- 
terac96es fortes e electrofracas. Tal parametriza9ao sera feita com recurso a um 
Lagrangiano efectivo deduzido com o pressuposto de que estes novos efeitos so se 
manifestam para escalas de energia da ordem do TeV e, por imposi9ao, este La- 
grangiano tera as mesmas invariancias do MP. Expandiremos este Lagrangiano em 
ordem ao inverso da escala de energia. Desta forma, ele sera composto por uma 
serie de termos infinitos de acordo com a escala de energia. Posto que cada termo 
tera uma dimensao de massa especffica, podemos altemativamente identificar cada 
termo pela sua dimensao. Cada termo da expansao e, por sua vez, composto por 
inumeras componentes ou operadores (operadores efectivos) dos quais nos servire- 
mos para agrupar ou identificar os mesmos termos. Veremos ainda que o primeiro 
termo tem dimensao quatro e assumiremos como sendo o Lagrangiano do MP. As- 
sim, aceitamos que a fisica descrita pelo Lagrangiano efectivo seja, em primeira 
aproxima9ao, a mesma do MP sendo as correc96es descritas pelos restantes ter- 
mos. 

Passaremos a uma fase seguinte onde nos propomos usar o metodo anterior- 
mente descrito para parametrizar os efeitos de correntes neutras com mudan9a de 
sabor (flavour changing neutral current - FCNC) na produ9ao de single quark top 
(ou apenas single top). De uma forma mais precisa, sabemos que o quark top, 
sendo a particula elementar mais massiva da natureza ate aqui conhecida, decai 
quase exclusivamente em bW (onde Z; e o quark botton e W o bosao vectorial de 
mesmo nome) antes de se hadronizar. Dizemos quase exclusivamente porque as 
excep9oes, dW e sW, sao extremamente suprimidas pelos elementos fora da diag- 
onal da matriz de Cabibbo-Kobayashi-Maskawa (CKM). Tambem, de acordo com 
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o MP, decaimentos neutros do quark top, ou seja, decaimentos em qg, qy e qZ 
(onde q pode ser o quark up (u) ou ocharm (c), g o gluao, 7 o fotao e Z o bosao 
vectorial de mesmo nome) sao impossiveis a ni'vel arvore - para ajustar a nomen- 
clatura, chamaremos decaimento forte, no caso do gluao e electrofraco no caso 
do fotao ou do bosao Z. Assim, aliando mecanismo de supressao da matriz CKM 
com a impossibilidade de existencia de correntes neutras com mudan9a de sabor, o 
MP preve uma sec9ao eficaz na produ9ao de single top atraves de FCNC bastante 
suprimida. E se, ao contrario das previsoes do MP, FCNC ocone na natureza? Qual 
seria o impacto dessas conentes neutras na produ9ao de single top? Independente- 
mente da resposta positiva ou negativa para a existencia de tais correntes - que nao 
conhecemos, naturalmente - e sempre possivel parametrizar esta hipotese atraves 
do Lagrangiano efectivo atras discutido. No nosso estudo, expandiremos este La- 
grangiano ate a dimensao seis. Esta escolha prende-se com o facto de procurarmos 
a primeira contribui9ao para FCNC, ou seja, a primeira contribui9ao apos a do MP 
Os termos de dimensao cinco, a primeira contribui9ao a seguir a do MP, violam 
o niimero leptonico e barionico para alem de nao contribuirem com qualquer op- 
erador para este estudo. Assim, imposto a conserva9ao destas duas quantidades, 
devemos excluir os operadores de dimensao cinco e avan9ar para os de dimensao 
seis. Acordada a dimensao maxima do Lagrangiano efectivo, torna-se necessario 
encontrar os operadores que possam contribuir para decaimento do quark top com 
FCNC (t — > qg, t ^ qy & t ^ qZ) e entao, derivar as regras de Feynman desses 
operadores. Assim, seremos capazes de pai^ametrizar as contribui96es desses pro- 
cessos para o decaimento do quark top. Mostraremos ainda que estes decaimentos 
nao sao independentes: devido a imposi9ao de invariancia de gauge, os decai- 
mentos com FCNC electrofracos estao relacionados, ou seja, o decaimento do top 
em quark+fotao tem impacto no decaimento em quark+Z e vice-versa. Seremos 
tambem capazes de relacionar as taxas de decaimento com FCNC com as sec9oes 
eficazes de produ9ao de single top ou mesmo das produ96es parciais: produ9ao 
&tt + y,t+Ze.t + q (neste ultimo caso q pode ser um quark qualquer, excepto 
o quark top). Estamos interessados em particular no efeito combinado (forte e 
electrofraco) da produ9ao com FCNC do quark top. Uma forma de abordar as 
FCNC e pela parametriza9ao do espa90 onde a sua existencia seria observada (ou 
nao). Um dos objectivos centrals desta tese e precisamente confrontar a hipotese 
de FCNC na produ9ao do quark top com os valores ou limites que serao originados 
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no LHC. Enquanto aguardamos estes dados, e possivel confrontar valores obtidos 
atraves de parametros gerados aleatoriamente com as caracteristicas previstas para 
o LHC. Podemos ainda, fixada a taxa de decaimento com FCNC do quark top, 
estudar como este decaimento influencia os processos de produ9ao de single top, 
ou seja, definir regioes onde esperamos registai^ as contribui96es paia a produ9ao 
do quark top. Nalguns casos, esta contribui9ao pode ser registada ou "vista" ex- 
perimentalmente no LHC. Mesmo em casos onde nao e possivel registar a taxa 
de decaimento devido a sua pequena dimensao, encontraremos regioes onde o seu 
efeito na sec9ao eficaz de produ9ao de single top pode ser registado. Finalmente, 
faremos algumas considera96es sobre a contribui9ao para produ9ao de tt devida a 
FCNC e mostraremos que esta contribui9ao muito dificilmente podera ser visto no 
LHC. 

Finalmente, focaremos a nossa aten9ao no sector leptonico. Seguindo os pro- 
cedimentos descritos e aplicados no estudo de FCNC, abordaremos o problema 
relacionado com viola9ao de sabor entre os leptoes (lepton flavour violation - 
LFV), ou seja, faremos uso de operadores de dimensao seis para descrever LFV. 
Ainda e mister reconhecer que a viola9ao de sabor no sector leptonico e abso- 
lutamente proibida pelo MP em todas as ordens. Veremos tambem que os lim- 
ites experimentais para tais processos sao extremamente fortes (comparativamente 
com OS limites para os processos barionico envolvendo FCNC). Assim como fize- 
mos no estudo de FCNC, estudai^emos os decaimentos envolvendo LFV, descritos 
pelo decaimento de um leptao mais pesado em tres mais leves, tanto atraves de 
vertices do tipo //,// /e IhhZ, onde //, e // sao os leptoes mais pesado e mais leve, 
respectivamente, como atraves de operadores de quatro-fermioes, ja aqui referidos. 
Procederemos da mesma forma que no sector barionico para estabelecer rela96es 
entre a taxa de decaimento e as sec96es eficazes dos processos que envolvem LFV, 
nomeadamente os processos que podem ocoiTcr no ILC, a colisao entre electrao e 
positrao resultando em jJ.^ e^, T^e+ e T^/i+ bem como os processo conjugados 
de carga. Veremos que de acordo com os parametros do ILC, tais processos podem 
ser visto e, inclusive, o seu estudo e bastante facilitado recorrendo a alguns sim- 
ples procedimentos para a analise do sinal, tais como cortes simples do momento 
transverso. Por fim, chamamos a aten9ao para um aspecto muito importante ref- 
erente as nossas conclusoes: todas as rela96es e parametriza96es referenciadas an- 
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teriormente entre taxas de decaimento e sec96es eficazes nao se esgotam com este 
trabalho, antes pelo contrario. Sera necessario proceder a referida parametriza9ao 
de acordo com os dados experimentais que nos chegarao do LHC num futuro bem 
proximo, ou ainda do ILC (neste caso num futuro cada vez mais distante), mas 
que hoje mesmo abundam provindo de outros aceleradores. Portanto, ha muitos 
aspectos a serem estudados e muitas simula96es a serem feitas. Dito isto, um fio 
condutor de toda esta tese sera a apresenta9ao de todas as expressoes analiticas 
(decaimentos e sec96es eficazes anomalas), para que os nossos colegas experimen- 
talistas possam proceder a simula9oes com os seus geradores de Monde-Cailo e 
definir as possfveis regioes onde poderemos assinalar nova fisica ligada a proces- 
sos com FCNC e LFV. 



Abstract 



Keywords: Top quarks, neutral currents, flavour violation, models beyond 
the standard models, leptons properties, flavor symmetries 



In this thesis we will discuss the parameterisation of effects related with new 
physics in high energies, that is, physics beyond the standard model (SM) of the 
strong and electroweak interactions. Such parameterization will be made with re- 
source to an effective Lagrangian deduced considering that these new effects can 
only be seen energy scale of the order of TeV and, we force, this Lagrangian to 
be invariancies under the same symmetries. We will expand this Lagrangian to the 
inverse of the energy scale. This way, it will be composed of a series of infinite 
terms in accordance with the energy scale. Since each term will have a specific 
mass dimension, we can alternatively identify each term by its dimension. Each 
term of the expansion is, in turn, made of innumerable components or operators 
(effective operators) which we will use to group or identify the same terms. We 
will also see that the first term has dimension four and will assume it as being the 
Lagrangian of the SM. Thus, we accept that the physics described by the effective 
Lagrangian is in a first approach, the same of the SM, while the corrections are 
described by the remaining terms. 

We will then proceed to the next phase where we propose to use the above 
mentioned method to parameterize the effects of flavour-changing neutral current 
(FCNC) in the production of single top quark (or just single top). We know that the 
top quark, being nature's most massive elementary particle known so far, decays 
almost exclusively to bW (where b is the bottom quark and W the weak boson) 
before it hadronizes. We say almost exclusively because the exceptions, dW e sW, 
are extremely suppressed by the off-diagonal elements of the Cabibbo-Kobayashi- 
Maskawa matrix (CKM). Also, in accordance with the SM, top quark neutral de- 
cays, meaning decays in qg, qy and qZ (where q may be the up (u) or charm (c) 
quark, g the gluon, 7 the photon e Z the vector boson) are impossible at tree level. 
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To adjust the nomenclature, we will name it strong decay in the case of the gluon, 
and electroweak in the case of the photon or the Z boson. Therefore, the CKM 
matrix suppression mechanism together with the impossibility of FCNC, makes a 
tiny prediction for values of the cross section in the SM. But what if, contradict- 
ing the SM forecasts, FCNC happens in nature more than what the SM forecast? 
Which would be the impact of these neutral cun^ents in the production of single 
top? Whether the answer to these questions is positive or negative - which, of 
course, we do not know - it is always possible to parameterize this hypothesis 
through the above mentioned effective Lagrangian. In our study we will expand 
this Lagrangian to dimension six. This choice is due to the fact that we are looking 
for a first contribution for the FCNC, that is, the first contribution after the SM. The 
terms of dimension five, which would be the first contribution after the SM, vio- 
late the leptonic and barionic number. In addition they do not contribute with any 
operator to this study. Thus, imposing the conservation of these quantum number, 
we must exclude dimension five operators and proceed to dimension six operators. 
Having established the maximum dimension of the effective Lagrangian, it is nec- 
essary to find those operators that might contribute to the top quark decay with 
FCNC (t —>■ qg, t —>■ qj e t ^ qZ) and then, to derive the corresponding Feynman 
rules. Thus, we will be able to parameterize the contributions of these processes 
to the top quark decay. We will also show that these decays are not independent - 
due to the imposition of gauge invariance, electroweak FCNC are related, that is, 
top quark decay in quark-i-photon has an impact in quark-i-Z quark decay and vice 
versa. We wiU also be able to relate FCNC decay with the cross sections of produc- 
tion of single top or even the partial productions: production oft + y^t + Zet + q 
(in this last case q quark can be any quark exception made to the top quai-k). We are 
particularly interested in the combined effect (strong and electroweak) of top quark 
production with FCNC. One way to approach FCNC is through parametrization of 
the space where its existence would be observed (or not). One of the central aims 
of this thesis is to confront the hypothesis of FCNC in the production of top quark 
with the values or limits that will be originated in the LHC. While we wait for these 
data, it is possible to collate values gotten through parameters randomly generated 
with the characteristics foreseen for the LHC. Having established the top quark 
FCNC branching ratio, we still can study how this decay influences the processes 
of production of single top, that is, to define regions where we hope to register the 
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contributions for the production of top quark. In some cases, this contribution can 
experimentally be registered or "seen" in the LHC. Even in cases where one cannot 
register the decay due to its smallest, we will still find regions where its effect in 
the cross section of single top production can be seen. Finally, we will make some 
considerations on the contribution of tt production with FCNC and we will show 
that this contribution could hardly be seen in the LHC. 

Finally, we will focus our attention in the leptonic sector. Following the pro- 
cedures that we described and applied in the FCNC study, we will approach the 
problem related with lepton flavour violation (LFV), that is, we will use dimension 
six operators to describe LFV. We assume that flavour violation in the lepton sector 
is absolutely forbidden by the SM of all orders. We will also see that the experi- 
mental limits for such processes are extremely strong (as compared with the limits 
for baryonic processes involving FCNC). As in the FCNC study, we will study 
decays involving LFV, described by a heavier lepton decaing into three lighter lep- 
tons, through vertices of the type IhhY e //,//Z, where Ih e // are the heavier and 
lighter leptons and through four-fermion operators, as described. We will proceed 
in the same way as in the barionic sector to establish relations between the branch- 
ing ratios and the cross sections of processes involving LFV, namely the processes 
that can occur in the ILC or electron-positron collision resulting in jJ.^ e^, T^e+ 
and T^/x+, as well as, the chai^ge conjugate processes. We will see that according 
to the ILC parameters, such processes can be seen and its study is quite facilitated 
when we appeal to some simple procedures for the analysis of the signal, such as 
simple cuts of the transverse moment. Finally, we note that this work does not put 
an end to all before mentioned relations and parameterizations between branching 
ratio and cross section. Quite the opposite: it will be necessary to parameterize the 
experimental data coming from the LHC in the near future, and from the ILC (in 
a more distant future). Therefore, there are many aspects to be studied and many 
simulations to be done. This thesis will follow the line of presenting all the analyt- 
ical expressions (decays and anomalous cross sections), so that our experimentalist 
colleagues can proceed with the simulation in their Monte-Carlo generators and 
define the possible regions where we will be able to find new physics in processes 
with FCNC and LFV. 
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Introduction 



The Large Hadron Collider LHC will soon begin operating. The number of 
top quarks that will produce is of the order of millions per year. Such large statistics 
will enable precision studies of top quark physics - this being the least well-know 
elementary particle discovered so far. The study of flavour changing neutral current 
(FCNC) interactions of the top quark is of particular interest. In fact, the FCNC 
decays of the top - decays to a quark of a different flavour and a gauge boson, or 
a Higgs scalar - have branching ratios which can vary immensely from model to 
model - from the extremely small values expected within the standard model (SM) 
to values measurable at the LHC in certain SM extensions. 

The use of anomalous couplings to study possible new top physics at the LHC 
and at the Tevatron has been the subject of many works [4, 5]. The cross section 
for those processes were calculated in a recent series of papers [6-8] where FCNC 
interactions associated with the strong interaction were considered - decays of 
the type t— ^ug or t—>^cg - describing them using the most general dimension 
six FCNC Lagrangian emerging from the effective operator formalism [9]. The 
FCNC vertices originating from that Lagrangian also give substantial contributions 
to production processes of the top quark, such as the associated production of a 
single top quark alongside a jet, a Higgs boson or an electroweak gauge boson. As 
we will see, the study of refs. [6-8] concluded that, for lai^ge values of BR{t qg), 
with q = u,c, these processes of single top production might be observable at the 
LHC. 
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Introduction 



Following the treatment of those articles [6-8], the next logical step is to use 
the same treatment for the electroweak sector, by considering FCNC interactions 
leading to decays of the form ? — > g 7 or ? — > qZ. In some extensions of the SM these 
branching ratios can be as large as, if not larger than, those of the strong FCNC in- 
teractions involving gluons. In this thesis we extend the analysis of previous works 
and consider the most general dimension six FCNC lagrangian in the effective op- 
erator formalism which leads to ? — > ^7 and t — > qZ decays. We will study the 
effects of these new electroweak FCNC interactions in the decays of the top quark 
and its expected production at the LHC. We will study in detail processes such as 
t + Y, t + Z and t + j production, for which both strong and electroweak FCNC 
interactions contribute. The automatic gauge invariance of the effective operator 
formalism will allow us to detect coiTclations among several FCNC observables. 

As we said, we expect many exciting discoveries to arise from the LHC ex- 
periments. However, the LHC is a hadronic machine, and as such precision mea- 
surements will be quite hard to undertake there. Also, the existence of immense 
backgrounds at the LHC may hinder discoveries of new physical phenomena al- 
ready possible with the energies that this accelerator will achieve. Thus it has been 
proposed to build a new electron-positron collider, the International Linear Col- 
lider [1]. This would be a collider with energies on the TeV range, with extremely 
high luminosities. The potential for new physics with such a machine is immense. 
Here, we will focus on a specific sector: the possibility of processes which violate 
lepton flavour. 

We now know that the solar and atmospheric neutrino problems [10] arise not 
from shortcomings of solar models but from particle physics. Namely, the recent 
findings by the SNO collaboration [11] have shown beyond doubt that neutrinos 
oscillate between families as they propagate over long distances. Leptonic flavour 
violation (LFV) is therefore an established experimental fact. The simplest ex- 
planation for neutrino oscillations is that neutrinos have masses that differ from 
zero - extremely low masses, but nonzero nonetheless. Oscillations with zero neu- 
trino masses are possible, but only in esoteric models [12]. With nonzero neutrino 
masses, flavour violation in the charged leptonic sector becomes a reality whereas 
with massless neutrinos, it is not allowed in the SM. This is a sector of particle 
physics for which we already have many experimental results [13], which set strin- 
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gent limits on the extent of flavour violation that may occur. Nevertheless, as we 
will show, even with all known experimental constraints it is possible that signals 
of LFV may be observed at the ILC, taking advantage of the large luminosities 
planned for that machine. There has been much attention devoted to this subject. 
For instance, in refs. [14] effective operators were used to describe LFV decays 
of the Z boson. LFV decays of the Z boson were also studied in many exten- 
sions of the SM [15]. The authors of refs. [16, 17] performed a detailed study 
of LFV at future linear- colliders, originating from supersymmetric models. Fi- 
nally, a detailed study of the four-fermion operators in the framework of LFV is 
performed in [18]. In that work the exact number of independent four-fermion op- 
erators is determined. Gauge invariance is then used to constrain LFV processes 
which are poorly measured, or not measured at all. In this work we caiTy out a 
model-independent analysis of all possible LFV interactions which might arise in 
extensions of the SM. 

We will follow refs. [1-3]; as in the articles [6-8] our methodology will differ 
from that of previous work in this area; whenever possible, we will present full 
analytical expressions that our colleagues at the Tevatron or LHC may use in their 
Monte Carlo generators, to study the sensitivity of the experiments to this new 
physics. This thesis is organized as follows: in chapter [2] we review the theory 
obtained through an effective Lagrangian. We expand this Lagrangian in series of 
1/A where A is the energy scale where we suppose our Lagrangian is valid. This 
allows us to truncate the Lagrangian and make the computation of each term sepa- 
rately following the order that interests us. In our case, we truncate the Lagrangian 
in the third term, i.e. A"*, or dimension six, according to their mass dimension. 
We justify the assumption that the first term or zero order term matches the SM 
Lagrangian and, finally, that the terms of order one or dimension five must be ig- 
nored for the study of flavour violation. We review the theoretical predictions for 
the production of tt and single top quark associated with the FCNC processes, the 
experimental limits available from the CDF and DO collaborations of Fermilab as 
well as the theoretical predictions for LHC. Then, we summarize the experimental 
limits of the LFV in the leptons colliders. 

In chapter [3] we introduce our FCNC operators, explaining what are the phys- 
ical criteria behind their choice.We also present the Feynman rules for the new 
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anomalous top quark interactions which will be the base of all the work that fol- 
lows. We use those Feynman rules to compute and analyze the branching ratios of 
the top quark FCNC decays, with particular emphasis on the relationship between 
Br{t — > and Br{t — > qZ) . Then we study the cross section for production, at the 
LHC, of a single top and a photon or a Z boson, with all FCNC interactions, both 
strong and electroweak, included. We also investigate whether or note it would be 
possible to conclude, from the data, that any FCNC phenomena observed would 
have at their roots the strong or the electroweak sectors. Finally, we present a 
general discussion of the results and draw some conclusions. 

In chapter |4] we present the effective operator formalism and list the operators 
which contribute to lepton-violating processes with gauge bosons interactions and 
four-fermion contact terms. We use the existing experimental bounds on decays 
such as n ^ey to exclude several of the operators which could a priori give a con- 
tribution to the processes that we will be considering. We also analyze the role that 
the equations of motion of the fields play in further simplifying our calculations. 
Having chosen a set of effective operators, we proceed to calculate their impact 
on LFV decays of leptons, deducing analytical expressions for those quantities. 
Likewise, we will present analytical results for the cross sections and asymmetries 
of several LFV processes which might occur at the ILC. Finally, we analyze these 
results performing a scan over a wide range of values for the anomalous couplings 
and consider the possible observabihty of these effects at the ILC. 



Like good musicians, good 
pliysicists know wliicli scale 
are relevant for which compo- 
sitions. 




C. P. Burgess 
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We are interested in parameterizing new physics related to top quark physics 
due to flavour changing neutral current (FCNC) as well as to lepton flavour viola- 
tion (LFV) in the charged sector. We will discuss this parametrization through an 
effective theory, that is, using terms of an effective Lagrangian with vertices with 
flavour violation whose strength must be determined by experimental data. 

The experimental data does not provide us with information that allow us to 
probe new physics beyond the SM. This situation is ripe to change with the intro- 
duction of the Lai^ge Hadron Collider (LHC) and the construction of the Interna- 
tional Linear Collider (ILC). In the first case, we will be searching for new physics 
through the possibility of FCNC in top quark production at the TeV scale. In the 
second one, we will be looking for LVF. In this chapter, we review the effective 
Lagrangian technique. After that we explore the limits of these two new manifes- 
tations of physics within the SM framework and review the relevant experimental 
data. 
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2.1 Effective Lagrangian 



The SM has a great success in explaining the most important phenomena at the 
fundamental level. Nevertheless, it does not have the trademark of a fundamental 
theory; it has too many parameters and has no prediction regarding the number of 
particles. The phenomenological success of the SM in the low energy range (the 
SM was successfully tested in the W mass range) provides a fundamental constraint 
to explore physics in the higher energy range. We can suppose that there is a more 
general theory of which the SM is its low energy limit. The problem is how to 
describe such a theory. 

In general, when we study a system for which we do not have enough exper- 
imental information, or for which the theory does not give us enough information 
about some observation, we can proceed in two ways: a model dependent way 
(as in supersymmetry, dynamical symmetry breaking technicolor model, etc.) or a 
model independent way. By model independent we mean the effective Lagrangian 
approach. In other words, we can parameterize the unknown effects by introduc- 
ing new terms in the Lagrangian, whose coefficients must be experimentally de- 
termined [19-24]. We must establish the specific way to parametrize these effects 
according to the specific problems that we have to solve. In this study of FCNC 
and LFV we do not know this general theory so we can try to describe it through 
an effective theory i.e. we can try to write an effective FCNC and LFV Lagrangian 
of the general theory. 

When we handle quantum field theory we automatically limit the role that a 
higher-energy scale (Plank scale) plays in the description of low-energy process. In 
this sense, the identification of how the scale enters in the calculation provides us 
with an important way to analyze systems with different scales [23]. The effective 
theory supplies a tool for exploiting the simplification that arises from systems pre- 
senting a large hierarchy of scale. For example, if one assumes that some physical 
phenomenon is not observed below a certain energy scale A, all Fourier compo- 
nents of fields above a scale A are not directly observable and the Lagrangian of 
this theory must be obtained by integration over the variable observable at an en- 
ergy larger then A. In this case, a real field - just to simplify - <p can be split in two 
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pieces (0 = (/>o + ^i) according to the energy scale such that [21]: 



(l)o{k) : 1^1 <A 0i(^) :A< 1^1 < Ai 



(2.1) 



where A is the energy scale and k the momentum. Then by definition: 




100,0.] ^here S' 



.eff 



/ 



■eff 



(2.2) 



S and ^ are the effective action and effective Lagrangian respectively. =Sf 
can be obtained by the expansion of S'^^ in powers of 1/A. 

To build the effective Lagrangian, one should choose the degrees of freedom 
to include and the respective symmetries which restrict the possible terms in the ef- 
fective Lagrangian. The effective Lagrangian has an infinite number of terms each 
with constant coefficients to be determined experimentally. The effective current- 
current interaction introduced by Fermi in order to explain the weak interaction is 
a well-known example of an effective theory. 

We have assumed that there is a general theory that we do not know and, that 
the SM is its low-energy limit. In other words, we must assume that physics beyond 
the SM is not observed below a certain energy scale A. The effective Lagrangian 
can be expanded in powers of 1/A : 



where is the term of order zero and matches the Lagrangian of SM which 
is not sensitive to the energy scale and has mass-like dimension four. The term 
^^^^ is the order one and the mass dimension five and so on. This expansion is 
convenient because each term is limited by a power of 1 /A. We truncate the above 
series according to the degree of accuracy we demand. This approach is appropriate 
for one last reason: it allows us to focus on the phenomenology common to all new 

physics models [25]. We truncate this series in order two or mass dimension six, 

^(6) 

. Let us write as a linear combination of effective operators of dimension 



leff 




(2.3) 
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i 

^(')=£^(')=£«yOf. (2.4) 
j j 

where ay are unknown parameters which represent the coupUng strengths and the 
subscript / - / = 5 , 6 • • • - denotes the dimension of the Lagrangian term. From this 
procedure an infinite group of effective operators with the same dimension arises. 
Finally, we don't know exactly what the scale is but this is not important for the 
calculation because we can parameterize the new physics and including A in the 
unknown coefficients (see eg. 12.41) . 

Such an approach has been used by several authors, as can be seen in the 
following references [4,5]. 



2.1.1 The standard Lagrangian 

Now the task is to build all effective operators of a certain dimension respect- 
ing the imposed symmetries. The first term is the SM Lagrangian. We will now 
briefly review the SM Lagrangian. 

The standard model of strong and electroweak interaction can be described as 
a Yang-Mills theory, i.e. the Lagrangian Jf^^ is locally SU{1>) x SU {1) x U{\) in- 
variant [26,27]. The symmetry uses 12 gauge vector fields, the gauge bosons. One 
important aspect of the SM that should be accounted for is that the weak bosons 
have mass. One can not insert this term into the Lagrangian by hand because 
such a Lagrangian would not be gauge invariant. A possible mechanism for giv- 
ing mass to the gauge field was found by Higgs who introduced a complex scalar 
doublet field with a non- vanishing vacuum expectation value (vev) - we will use 
V =< > = 1A6 / ^/iGeV - in the Lagrangian. After spontaneous breaking of the 
local symmetry the weak bosons acquire mass and a new scalar boson appears, the 
Higgs boson. This is known as the Higgs mechanism [28]. 

A realistic model of the electroweak interactions was proposed by Glashow, 
Salam and Weinberg [29]. It uses two non-equivalent representations for the fermions: 
the left-handed particles are SU (2) doublets and the right-handed particles are sin- 
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glets. In this scheme, the Lagrangian must be SU{2) xU{l}j invariant. After 
spontaneous symmetry breaking, the gauge fields of the weak interaction become 
massive. Like the boson fields, we cannot insert the fermion mass terms by hand 
as it is not SU (2) xU{l) invariant as well. The masses of the fermions are gen- 
erated by a mechanism similar to that of the bosons in the well-known Yukawa 
Lagrangian B 

In order to establish the notation, we will describe the Lagrangian of the SM. 
First, the fields: the left-handed lepton doublet and right-handed charged lepton are 
represented by ii and cr, respectively; the left-handed quark doublets by qi and 
right-handed quarks by ur and cIr; finally, the Higgs boson doublet by (p. 

The gauge fields are: 



gluons : G^, a = 1...8, 
W bosons :W^, /= 1...3, 
B bosons : B^ , 

B^y=d^By-dyB^. (2.5) 

where G'l^^, W^^ and B^y are the field strengths of the SU{3), SU{2) and ?7(1) 
interactions respectively. The Lagrangian is given by 

+ ililP^L + ieRlpeR + iqitpqi + iurIPur + idRlpdR 

+ TeheR^ + TuqiUR^ + T^qidR^ + h.c, (2.6) 



'We remind that the vector fields (B^ and IV^ with i = 1,2,3) are not the physical fields. The 
physical fields , and W^f related to the later by the Weinberg angle. 

~ The strong interaction between the quarks, known as quantum chromodynamics (QCD), appears 
when one includes SU (3) invariance [30]. 
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where 




(2.7) 



is the covariant derivative and r<?^„^^ are Yukawa couplings for the leptons, up 
quarks and down quarks, respectively. A" acts on colour or SU (3) indices, on 
SU (2) indices and Y is the hypercharge with value assigned as follows: Y{£i) = 
-i, Y{er) = -1, YiqL) = I Y{ur) = f , F(J«) = -i and Y{^) = {. 

A final feature of the SM is that it is a renormalizable theory [31]: a Yang- 
Mills theory with spontaneous symmetry breaking is a renormalizable theory if the 
mass dimension of the Lagrangian is less than or equal to four, in four space-time 
dimensions. 

2.1.2 Dimension five and six effective operators 

While the choice of the symmetry limits the number of possible terms in the 
Lagrangian for each order it is obvious that this does not determine which terms 
are responsible for a particular manifestation of new physic. For example, the term 
Jf^^^ has 80 effective operators (plus hermitic conjugate) i.e. there are 80 different 
ways to link together the "SM fields" in an S[/(3) x S?7(2) x ?7(1) invariant oper- 
ator with mass dimension six and subject to the same broken symmetry as the SM. 
Some of these operators have only vector bosons. It is obvious that these opera- 
tors are not important if we are studying LFV because it is not possible to obtain 
any vertices with flavour violation. Thus, the choice of operators to include in the 
Lagrangian depends on the problem we are studying. 

We will see that the term ^'^^ has no interest to us. However, its simphcity 
may help us illustratring the general construction of the operators. 

The ^^^^ operators are, in principle, all possible combinations of the fields 
and derivatives building a scalar- singlet with mass dimension five. It is not possible 
to create such an operator, for example, with a fermionic field because such an 
operator would have at least dimension six. Also, it is not possible to make a 
dimension five operator with scalar only because we would need five of such fields 
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and it is not possible to put together five doublets in a singlet. In the same way we 
can eliminate all operators made up by vectors only, fermions and vectors, scalar 
and vectors and, finally, vectors, fermion and scalar together. 

One possible candidate would be to have two fermions and two scalars. If 
we choose e 0* as scalar, the hypercharge must be zero. This is only possible if 
we use the fermion and its hermitian conjugate. But this is not a gauge invariant 
scalai\ As an alternative, we can use two fields: ^ and its conjugate field defined as 
^ = / 02 0* in an SU (2) triplet. For fermions, we must have two doublets of SU (2) 
to form a scalar. This can be achieved using a fermion field *F and its conjugate 

Its components Xj/'^' transform according to% 

xi/ = iY2W*- (2.8) 

The conjugate doublet like is a helicity state so both transform in the same 
way under SU (2). From the chiral or helicity projections Jl r definition: 

»,. = ^^; (2.9) 

and its commutation relation with Dirac matrix, we have 

(^Fr)'' = (2.10) 

Following this, only one operator is left for the leptons and quarks. That is 

^(1) =4004 + /i.e., (2.11) 

where i'^ is the lepton conjugate doublet and is similar to the baryon one. We note 
that this operator is written as a Majorana mass term 4 • 

Finally, ^^^^ breaks baryon and lepton quantum number so we do not need 
to worry about it as we demand the conservation of these quantum nunbers. Even 
in the neutral sector, through seesaw mechanism, the neutrino mass (Dirac mass) 



"'The relation is tlie same well known relation between the plane wave solution to the Dirac 
positive energy solution u and negative one v: v = iyi "* ■ 



14 



Phenomenological Lagrangian and effective operators 



niy ~ 10^^ GeV requires a Majorana mass ~ 10^^ GeV for a scale of 1 GeV [32]. 
This is a typical scale of grand unified theories but it is cleai^ly out of the reach of 
the next colliders. We are interested in flavour-violation with lepton and baryon 
number conservation. 

The next term is the dimension six . It is possible to build 80 (plus her- 
mitian conjugate) of such effective operators and the corresponding list can be 
obtained in [9]. Now we describe any possible kind of operator according to the 
fields they contain and we exemplify each class with an effective operator: 

Vectors Only: there are four such operators and all are make up of three G or three 
W vector bosons. For example, Og = fabcG"^Gy^G'^^. The vector arise in 
the operator either though their field strengths or covariant derivative; 

Fermions Only: these are four-fermion operators and all of them satisfy fermion 
number conservation. There are four different groups of operators and they 
are of the form LlLL, RRRR, LRRL and LrLR, where L and R are left-handed 
and right-handed fields, respectively. Below, is an example for each group 
(we use lepton and baryon fields indiscriminately): 

LLLL : O};' = ^(47^:4) (47^4). 
RrRR: Oee = j{eRYneR){eRY^eR). 
LRRL: Ote = {heR){eRlL). 
IRIR : O^gJ = {qLUR){qLdR). 

For our study, this family of operators has special interest because they are 
responsible for the four-fermion operator with flavour change; 

Scalars Only: these operators have either six bosons or four bosons and two deriva- 
tives. An example of both is: = ^{(p^ipy and = jd^{(j)^ (j))d^ {(j)^ (j)); 

Fermions and vectors: these operators require two fermions and three other pow- 
ers of mass that can come via a covariant derivative and one field strength. 
Here is an exemple: Oew = i^L'^'YtiDviiW'^^; 

Scalars and vectors: the (j) and must come in equal numbers in order to ensure 
SU{2) xU{l) invariance. With just one of each scalar field we can use 



Effective Lagrangian 



15 



two fields strengths, one fields strengths and two co variant derivatives or 
four covariant derivative^ In the case of two of each scalar field one can 
have two covariant derivatives with act ont two diferents fields - (D^0^)(^ + 
(j)^D^^(j). Applying the equation of motion one obtain operators like O^g = 

Fermions and scalars: in this case one must have two fermions and three bosons 
or two bosons and one derivative which acts on a gauge invariant quantity. 
These operators are for example = (0^0)(^l^r0); 

Vectors, fermions and scalars: one can separate two situations: two fermions 
and one scalar or two scalar. In the first case, we can have two covariant 
derivatives or one field strength. The two covariant derivative can act both 
on scalar field, one on the scalar field and one on a fermion or both on the 
fermions. An example of this kind of operators is: Ooe = {^LD^eR)D^^. 

In the case with two scalar fields one must have one covariant derivative. 
From the hypercharge assignments the only possibility is the derivative act 
in the scalar. An example of these fields: = i{<^^D^^){£y^€}. 

We must identify amongst the 80 operators with dimension six all those which 
are relevant for our research. After this, it is necessary to check if all are linearly 
independent, that is if they are not connected by the equation of motion or some 
other operation. If that is the case, we can perform some simplifications. Once 
the operators are defined, the next step is to determine the Feynman rules (in Ap- 
pendix l2Al we review the derivation of a Feynman rule) and calculate the processes 
of interest. So far we have looked at the method from a general point of view. For 
our work, as mentioned before, we are interested in those processes with FCNC 
in tt and single top quark production as well as LFV in the charged sector. Also, 
we can conclude that in the construction of our effective operators we have to deal 
with SM terms according to the equation 12.61 and terms of dimension six FCNC 
and LFV Lagrangian. 

We will point out top quark properties and experimental limits of FCNC and 

LFV, as well as the theoretical framing of the production and expected experimental 

'^In the last case we can use the equation of motion and split this operators in fermion fields only. 
The equation of motion to (/i^ is Z)^(^ — vlet + iTuqa2U — T ^dq. 
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limits of top quark in the LHC and experimental limits of LFV in the next ILC 
according SM. The point of this discussion lies on the fact that one can constrain 
the space of valid solution for flavour violation and identify the conditions for 
physics beyond SM in the LHC and the ILC. 

2.2 FCNC in the top physics 



The LHC is a proton-proton collider being constructed at CERN in a tunnel 
about 100 m below the ground and with 27 Km in circumference. It's center-of- 
mass energy is 14 TeV and the expected luminosity is 10^^ cm^^s^^. Some of its 
main goals are the search for the Higgs boson, the search for new phenomena such 
as supersymmetry, extra dimensions, mini black holes and to perform precision 
measurement of the SM. Particularly relevant to this thesis are the precision mea- 
surements related for the production and decay of the top quark. 

According to the SM, top quark can be created in pairs via the strong force or 
singly (single top quark production) via the electroweak interaction. 

2.2.1 Top quark- antiquark pairs production 

The top quark was discovered at Fermilab in 1995 [33] in the mass range pre- 
dicted by SM ~ 170.9 ± l.SGeV [34]. Its large Yukawa coupling in the symmetry 
breaking sector (due to its big mass) offers the possibility to look for new physics. 
The top quark, unlike the other quark, decays almost exclusively in t ^ bW be- 
fore its hadronization due to its extremely short lifetime of ~ 4 x 10^^^ s. The 
ratio between the decay time scale and the hadronization time scale is about one 
order of magnitude. The next decays are ? ^ sW and t — > dW, both suppressed by 
the square of the CKM matrix elements. Taking \Vts\ ~ 0.04 and \Vtd\ ~ 0.01, we 
obtain Br{t sW)r^ 1.6 x IQ-^ and Br{t dW) ~ 1.6 x lO"'* [35]. 

At the Tevatron, with a center of mass energy ^ = 1.96 TeV, top quarks 
are produced predominantly in pairs via the strong interaction - 85% by qq an- 
nihilation and 15% by gluon-gluon fusion. The corresponding SM cross section 
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in NLO+NNLLjfl is 6.77 ±0.42 pb for a top quark mass of \15GeV [36] and the 
Feynman diagrams to this process in the SM aix shown in fig. 12. II 




(a) 



(b) 






Figure 2.1: Feynman diagrams for tt production: (a) and (b) by gluon fusion 
and (c) by qq annihilation. 



Most of top quarks produced at the LHC - about 833 ± lOOpb [35, 37] - will 
be quark-antiquark pairs. Of these, approximately 83% will be produced by gluon- 
gluon fusion and 17% by annihilation. 



2.2.2 Single top production 

Studying single-top production at hadron colliders is important for a number 
of reasons: it provides a direct measurement of the CKM matrix element |V,/,p; it 
measures the spin polarization of top quarks; lastly, the presence of various new 
non-SM phenomena may be inferred by observing deviations from the predicted 
rate of the single-top signal [38]. We are particularly interested in this last reason. 

There are three electroweak production mechanisms for single top quarks in 
the SM: ^-channel {qd — > td') and {dd' — > tq) as we see in Fig. l2.2K a) and (b); 
^-channel {qd ^ td') l2.2K c): associated tW production {gd l2.2K d) and 

(e). The theoretical single top quark production cross section at the Tevatron is 
~ 2.9 pb. Evidence of a single top quark production with a significance of 3.4 
standard deviation was reported by the DO Collaboration [39]. The LHC will be 
able to measure the assumed SM cross section of single top events at NLO to be 
~ 245 ± 12 pb [40], r^n±\ pb [41] and r^66±lpb [40] for those that oc- 
cur through the t -channel, s -channel and associated tW production, respectively. 
The neutral coupling preserves flavour; this implies that FCNC are absent at the 

^ Next-to-leading order + next-to-next-to-leading logarithmic. 
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(d) (e) 

Figure 2.2: Feynman diagrams for electroweak single top production: (a) and 
(b) t-channel, (c) s-ciiannel, (d) s-channel associated tW production and (e) t- 
ciiannel associated tW production. 

tree level. In principle, the top production could occur at one loop (see Fig j2.3l 
for example). Nevertheless, because of Glashow-Iliopous-Maiani (GIM) cancela- 




Figure 2.3: Top quark flavour cliange to one loop. 



tion [42, 43] the flavour changing related to radiative corrections is suppressed. As 
such, the branching ratios of these rare top decays are immensely suppressed but 
can be much larger in extensions of the model. Essentially, in a different theory 
the existence of new particles will give new contributions to the top rare decays. 
There can be differences of as much as thirteen orders of magnitude between the 
SM branching ratios and those in some models, as may be observed in Tab. 12.11 In 
the SM these type of decays are so rare that they will never be observed in experi- 
ments due to lack of sensitivity (the sensitivity of the experiments at the LHC is of 
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Process 


SM 




QS 




2HDM 


MSSM 


^ SUSY 


t —>■ uZ 


8 X 10- 


17 


1.1 X 10- 


-4 




2 X 10-*' 


3 X 10-5 


t uy 


3.7 X 10 


-16 


7.5 X 10- 


-9 




2 X 10-*' 


1 X 10-*' 


t iig 


3.7 X 10 


-14 


1.5 X 10- 


-7 




8 X 10-5 


2 X 10-4 


t^cZ 


1 X 10- 


14 


1.1 X 10- 


-4 


-10-^ 


2x 10-*^ 


3 X 10-5 


t cj 


4.6 X 10 


-14 


7.5 X 10- 


-9 


- 10-*' 


2x 10-*' 


1 X 10-*' 




4.6 X 10 


-12 


1.5 X 10- 


-7 


~ 10-4 


8 X 10-5 


2 X 10-4 



Table 2.1: Branching ratios for FCNC decays of the top quark in the SM and 
several possible extensions: the quark-singlet model (QS), the two-higgs doublet 
model (2HDM), the minimal supersymmetric model (MSSM) and SUSY with 
R-parity violation. See ref. [44-46] for details. 



(9(10-^) at best [47]). 

As we have said, we can parameterize the effects of FCNC through an effec- 
tive Lagrangian. It is therefore important to use the experimental data to limit the 
coefficients of operators related with all FCNC. Indirect bounds [48,49] come from 
electroweak precision physics and from B and K physics. The strongest bounds so 
far are the ones in [48] where invariance under SU {2)i is required for the set of op- 
erators chosen. Top and bottom physics are related and B physics can be used to set 
limits on operators that involve top and bottom quarks through gauge invariance. 
Regarding Br{t — > qZ) and Br{t qy), the only direct bounds available to date 
are the ones from the Tevatron (CDF). The CDF collaboration has searched its data 
for signatures of f — > ^7 and t — > qZ (where q = u,c). Both analyses use pp ^ tt 
data and assume that one of the top decays according to the SM into Wb. The re- 
sults are presented in Table l2.2l The bounds on the branching ratios from LEP and 





LEP 


HERA 


Tevatron 


Br{t qZ) 


< 7.8% [50] 


< 49% [51] 


< 10.6%^' [52]^ 


Br{t^qy) 


< 2.4% [50] 


< 0.75% [51] 


< 3.2%^' [53] 


Br{t ^ qg) 


< 17% [35] 


< 13% [51,54] 


< 0(0.1-1%) [25,55] 



Table 2.2: Current experimental bounds on FCNC branching ratios. The upper- 
script "d" refers to bounds obtained from direct measurements, as is explained 
in the text. 

ZEUS are bounds on the cross section that were then translated into bounds on the 
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Process 


Upper bound 


T - 


— > ete 


2.0 X 10"'' 


T - 


^ eULL 


2.0 X 10"^ 


T - 


-> nee 


1.1 X 10"^ 


T - 




1.9 X 10"^ 






1.0 X 10-12 


Z 


— s- e/x 


1.7 X 10"" 


Z 


^ eT 


9.8 X 10"^ 


z 




1.2 X 10^5 



Table 2.3: Experimental constraints on flavour-violating decay branching ratios 
[13]. 

branching ratios through the anomalous couplings. The LEP bounds use the same 
anomalous coupling for the u and c quarks and the ZEUS bound is only for the 
process involving a u quark. The bounds on Br{t qg) are all from cross sections 
translated into branching ratios. Usually only one operator is considered, the chro- 
momagnetic one, which makes the translation straightforward. The same searches 
are being prepared for the LHC. A detailed discussion with all present bounds on 
FCNC and the predictions for the LHC can be found in [47, 56, 57]. With a lumi- 
nosity of 100 fb~^ and in the absence of signal, the 95% confidence level expected 
bounds on the branching ratios are Br{t qZ) ~ 10^^, Br{t ^ qy) ^ 10^^ and 
Br{t — > qg) ~ 10^^. In this thesis, we assume a 10^^ upper bond of those FCNC 
branching ratios in except when otherwise mentioned. 



2.3 Linear Collider and LFV 



In chapter |4] we will parameterize the possibility of LFV in the charged sector 
through effective operators. Whereas with massless neutrinos LFV is not allowed 
in the SM, in the analysis of the signal and background this is a major simplification 
when compared to the analysis of FCNC. On the other hand, this is a sector of parti- 
cle physics for which we already have many experimental results [13], all of which 
set stringent limits on the extent of flavour violation that may occur. Neverthe- 
less, as we will show in this thesis, even with all known experimental constraints, 
signals of LFV may be observed. The LHC is a hadronic machine, and as such 
precision measurements will be quite hard to undertake there. Also, the existence 
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of immense backgrounds at the LHC may hinder discoveries of new physical phe- 
nomena already possible at the energies that this accelerator will achieve. Thus it 
has been proposed to build a new electron-positron collider, the International Lin- 
ear Collider (ILC) [58]. This would be a collider with a center-of-mass energy of 
ground 1 TeV and a planned integrated luminosity of 1 ab^^. The potential for new 
physics with such a machine is immense. 

Finally, in Table 12.31 we present the experimental limits from the branching 
ratios of lepton decay with flavour- violation. In the final part of the chapter |4] we 
will discuss the possible improvement of these limits in the existing colliders. 
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2.A Effective operators and Feynman rules 

We will give an example of the derivation of the Feynman rules on a dimen- 
sion six operator [59] 

= I j^aijctyn^'D^iG^, (2. 12) 

where ij = 1,2,3 correspond to three quark families. As we are interested in 
flavour violation, we must get / / j and 

= l^J^OCijq'rn^D'qjGl,. (2. 13) 

Taking a particular / and j 

= ^ aijq'f^^D^qJc;, + j^ajiqiyn^D^q'Gl,. (2.14) 

The hermitian conjugate of the second term in the right side is: 

^Ig = =^a;q'fD'^yG"^,. (2.15) 

Now, let's add this term to the first one in the right side of eq. 12.121 and we will 
designate result by ffqc again 

= ^q'f^^ioCijD" - a;D'')qJG"^y. (2.16) 



According with eg. I2.7[ the covariant derivative has a partial derivative whose term 
generates a triple vertex and the other one is comprised by gauge fields and origi- 
nates a four vertex. Let's focus in the triple vertices 

= ^aijq'rn^aij'd'' - ap'')q\d^G"^ - d,G"^). (2.17) 

Introducing the identity I = Yl + Yr and some manipulation, we get 



I 



'qG 



A2 

+ 2_u'„fr{aij^' - ap')4{d^G^^ - d,Gl). (2.18) 
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We can concentrate in the right sector (the left one is similar) so, from eq. 12.181 
<G = j^u-RYyR^"{(^ij'd'' - ap^yid^G", - d^Gl). (2.19) 

The functional T[^] generates the n-point vertex function T'\p) and is defined 
by the Legendre transformation [59] 

W[J] = r[0] + j dxJ{x)<^{x), (2.20) 

where J{x) is the source, is a generic field of the theory and W[J] is the gener- 
ating functional which generates only connected Green's functions. The relation 
between T[(^] and the Lagrangian is given by 

T[<^]= j d^^int^. (2.21) 

Using the eqs. 12.201 and 12.2 1 1 the 3-point vertex function in spacial coordinates are 
given by 

1^ Kxux2,x,) 8G\{x,)8u'^{x2)8u'{x,) 

= j d^x5''5\x-x2)fYR{aij7''-a*i'd'')5\x-xi)5j'' 
X {gvxd^-g^xdv) 8\x-x^)d''K {1.11) 

We use the Fourier transform to get the 3-point vertex function in the momentum 
space (we use a convention where the u and G momenta incoming and the u mo- 
menta is outcoming). So 

TF = {l%f5\p-q + k)Tx{p,q,k) 

= j d^xd^xyd^x2d^x^e-'^P''-'"^+'^'^5\x - X2)frR{GCij7'' - a*^'')5\x - xi) 
X {gvxdii-g^idy) 5^{x-x^) 

= j d\d^x2d^Xie-''^P'-'"^^^''^y^yR5\x-x2){aijip'' - a*^") 
X [gvxd^- g^idy) 5''{x-x^). (2.23) 
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Recall that 



i Jd^xd^pp^ g^ye'P^'^ 
i J d^p p^ J d\ e'P '' 
i J d'^pp^ 8^{p) 



(2.24) 



and 



TF = J d'xd%e-"''-P-'i>+'-'^^Y7R{i){0Cijp' + a*,/) {gvxd^, - 8,,dy) 8\x-x,) 
= J d'xe-'^P-^+'^'^YYRmoCijp' + a>^)(/) {gyx{p,+gf.)-g,x{Pv + qv)) ■ 



Momentum conservation in the vertex implies 
.A" 



TF = J d'xe-'^P-'i+'^^-^rrRioCijP'' + a^q') {k,g,, - Kg,,) 
= i^tyR{aijP'' + a*jiq''){hSvX-Kgtix) j d\xe- 



i^frR{aijp'' + a}q') [Kg,x-Kg,i) {lnf8\p-q + k) (2.25) 



and replacing 12. 23 1 in the left side of l2.25l 



rA {p^q^k) = i-^Y^YRioCijp" + oc*iq'') {^gyx - Kgiil) 



(2.26) 



We represent this vertex by a black circle in the Feynman diagrams. Thus, eq. 12.261 
is represented by the fig 12.41 where the ellipsis recall that there should be more 



P/ t 



A2 



q ^ u 



Figure 2.4: Feynman rules for the gtu. 
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terms that must be include in this vertex (see fig. 13.2b . 

Now, we discuss some points that will be useful for this work. According 
with our convention, the momentum of the boson vector is always entering in the 
vertex while with the fermions, the momentum is entering in the particle case and 
leaving in the anti-particle. We have also computed a rule where the boson is 
represented by a gluon - so this means a strong interaction. The same treatment 
can be applied to the photon and to the Z boson. We will discuss the effective 
operators responsible for these vertices in the next two chapters. 



3 

Top quark production and decay in the 
effective Lagrangian approach 



According to the previous chapter, the effective Lagrangian can be expanded 

as 

A A-^ 

We truncate this Lagrangian in the order A^^ - or dimension six - and ignore 
the dimension five term. The contributions of order A^^ and A^"^ to the single 
top quark and tt production with FCNC are summarized in Tab. 13.11 The FCNC 



1 


direct production 


pp^{gq)^t 


2 


top + jet production 


pp^{8g)^qt +x 
pp^{gq)^gt + X 

p p ^ {qq) ^qt + X 
(including 4-fermion interactions) 


3 


top + anti-top production 


PP^{gg)^tt +X 
p p ^ (qq) t + X 


4 


top + gauge boson production 


PP^{gq)^yt + X 
pp^{gq)^Zt +X 
PP^{gq)^W t + X 


5 


top + Higgs production 


pp^{gp)^Ht +X 



Table 3.1: Contributions of order A ^ and A ^ to the cross section of top pro- 
duction [47]. 
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processes pp^tZ and pp^ty were studied in great detail for the Tevatron in [60] 
and for the LHC in [61]. The authors of [6-8] have presented a complete study of 
those processes in the strong sector; they have presented a full analytical expression 
of all processes listed in that table as well as the conditions and limits for their 
observation at the LHC. The process label in the Tab. I3.1l by 1 and 2 was treated in 
the article [6,7] and 3, 4 and 5 in article [8]. Now, our propose is, following refs. [2, 
3], to present the same treatment for the electroweak sector i.e. the contribution 
due the effective FCNC electroweak operators to top quark production; finally we 
study the combined effects of strong and electroweak effective FCNC operators in 
top production. 



3.1 FCNC effective operators 



We are interested in effective operators of dimension six that contribute to 
flavour-changing interactions of the top quark in the weak sector. As we have said 
before we do not consider in our analysis. We follow refs. [6-8], where the 
authors considered FCNC top effective operators which affect the strong sector. 
Namely, operators which, amongst other things, contribute to FCNC decays of the 
form t^ugort^cg. The operators they considered were expressed as 

(3.2) 

where the coefficients ci:| and jS^^ are complex dimensionless couplings. The fields 
mJj and ^£ represent the right-handed up-type quark and left-handed quark doublet 
of the first and second generation - this way FCNC occurs. G"^y is the gluonic field 
tensor. There are also operators, with couplings a^^ and ^f-, where the positions of 
the top and u', q' spinors are exchanged in the expressions above. Also, the hermi- 
tian conjugates of all of these operators are obviously included in the lagrangian. 
These operators contribute to FCNC vertices of the form gtUj (with ui = u, c). 
The operators with couplings, due to their gauge structure (namely, the covari- 
ant derivative acting on a quark spinor), also contribute to quartic vertices of the 
form ggtUi, gytUi and gZtUi. 
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Their criteria in choosing these operators was that they contributed only to 
FCNC top physics, not affecting low energy physics. In that sense, operators that 
contributed to top quark phenomenology but which also affected bottom quark 
physics (in the notation of ref. [9], operators ffqc) were not considered. Recently, 
a study based on constraints from B physics [48] using the predictions for the 
LHC [47, 56, 57], has showed that, in fact, some of the constraints on dimension 
6 operators stemming from low energy physics are already stronger than some of 
the predictions for the LHC. This is true for the operators denoted in [48] by LL, 
which are the ones built with two SU (2) doublets that have left out in refs. [6-8]. 
Obviously the gauge structure is felt more strongly in the left-left (LL) type of 
operators than in the right-right type. Hence, they concluded that the LL operators 
will not be probed at the LHC because they are already constrained beyond the 
expected bounds obtained for a luminosity of 100 fb^^. Limits on LR and RL 
operators are close to those experimental bounds and RR operators are the ones 
that will definitely be probed at the LHC. Moreover, since more results will come 
from the B factories and the Tevatron, the constraints will be even stronger by the 
time the LHC starts to analyse data. Therefore the criteria in the choice of operators 
is well founded so we will also not consider LL operators in the electroweak sector. 



3.1.1 Effective operators contributing to electroweak FCNC top de- 
cays 



We will now consider all possible dimension six effective operators which 
contribute to top decays of the form t Uij and t —>■ Uj Z. First we have the 
operators analogous to those of eq. (13.21 ) in the electroweak sector. 



f^{qiTia^'''tR)^W'^^ , (3.3) 



where a^j, jS,f and are complex dimensionless couplings, and B^^ and W|^y are 
the U{1)y and SU {2)l field tensors, respectively. As before, we also consider the 
operators with exchanged quark spinors, corresponding to couplings aff, j8,f and 
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P^, and the hermitian conjugates of all of these terms. 

The electroweak tensors "contain" both the photon and Z boson fields, through 
the well-known Weinberg rotation. Thus they contribute simultaneously to vertices 
of the form ZtUi and ytUi when we consider the partial derivative of in the 
equations (13.31) . or when we replace the Higgs field by its vev v in them. We 
will isolate the contributions to FCNC photon and Z interactions in these operators 
defining new effective couplings {a^ , P^} and {a^ , /3^}. These are related to the 
initial couplings via the Weinberg angle dw by 

oc^ = cos^a^ , = -sin^a^ (3.4) 

and 

f /3^ = sin%i3«' + cos%i3« 

As we will see, these Weinberg rotations will introduce a certain correlation be- 
tween FCNC processes involving the photon or the Z. 

Because the Higgs field is electrically neutral but has weak interactions, there 
are more effective operators which will only contribute to new Z FCNC interactions 
given by 

ffD, = ^{qiD^tR)D^^ , = % {D^qitR)D^^ (3.6) 



and 



^0, = , (3.7) 

and another operator with coupling dti with the position of the u' and t spinors 
exchanged. As before, the coefficients T],,, f],, and 0,, are complex dimensionless 
couplings. 
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3.1.2 Feynman rules for top FCNC weak interactions 

The complete effective lagrangian can now be written as a function of the 
operators defined in the previous section, 

B B 

+ -^((^t£,^(/))(47^'?«) + ^{fD^^){tliY^u'j,)+h.c.. (3.8) 

Tfiis lagrangian describes new vertices of the form gut, ZUt, jiit, ZUt, utyg and 
utZg (and many others) and their charge conjugate vertices. For simplicity we re- 
define the T] and B couplings as T] ^ (sin(2%)/e) r\ and B (sin(20iv)/e) {Bit — 
B*j). The Feynman rules for the FCNC triple vertices are shown in figures 13.21 
and I3.3|R The gauge structure of the terms in eq. (13.81 ) gives rise to new quartic 
vertices. Most of the couplings which contribute to the triple vertices of figs. 13.11 
13.21 and [331 also contribute to the quartic ones. The Feynman rules for the quartic 
vertices we will need are shown in figures 13.41 and 13.51 We see that these quartic 
interactions receive contributions from both the strong and electroweak effective 
operators. Their presence is mandatory because of gauge invariance and they will 
be of great importance to obtain several elegant results which we present in section 

m 

For comparison, the FCNC lagrangian considered by the authors of ref. [61] 



The Feynman rules for the charge-conjugate vertices are obtained by simple complex conjuga- 
tion as was seen before. The exception is the 6 term, which due to our definition of the 6 coupling 
in eq. ( 13.7b . will become —6* for the vertex Zut. 
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k, a; a 




V/ t 



k. a 



Figure 3.1: Feynman rules for the anomalous vertex gtu. 

V / t 



1 r / -fK I 7-R* \ 




+ V (KtiR + Ku il) {k'^ g- - k" 5'") 



Figure 3.2: Feynman rules for the anomalous vertex yt u. 




S2 [l^.l'RK"p^ + <"''}^^) 

+ V + /-Ctz,)] {k" g"" - fc" + 



Figure 3.3: Feynman rules for the anomalous vertex Ztu. 



consisted in 

2cost% zcosyiv 

' ^ nit nit 

(3.9) 

Notice that whereas we consider a generic scale A for new physics, these authors 
set K = nit. Also, it is easy to recognize several of our couplings in the lagrangian 
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ki, fj,; a 




<1 \ u +iK Yj^iVut - Vut) g^Lu In 



Figure 3.4: Feynman rules for the anomalous quartic vertex y^fM. 



ki, ii: a 




g \ M + «A„ 2^ (r?„( - r;„() 7^, 



Figure 3.5: FejTiman rules for the anomalous quartic vertex Zgtu. 



above; for instance, we have 



A2 2cos% 



^ftZ- s Mi)_;^(2) 

A^'^'"- 4 COS dwniry "' ' 

i.^', = it,i^^-i&- (3.10) 

Notice that due to our choice of effective operators the couplings of the form ^q, 
and ^tq, and others, are treated as independent - meaning, the lagrangian (13.91 ) 
does not contain our couplings ^tq- Also, couplings of the form {a, T]} are not 
present in ( I3.9I ). and the photon and Z couplings therein presented are taken to be 
completely independent, unlike what we considered. Their coupling hasn't got 
an equivalent in our formulation. We could obtain it through a 0-like effective 
operator, namely, 

((^^D^0)(^l7^i) , (3.11) 
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where one of the quark doublets (f, would contain the top quark. It is easy to 
see, though, that this operator would have a direct contribution to bottom quark 
physics, thus violating one of our selection criteria for the anomalous top interac- 
tions. One important remark: the authors of ref. [61] do not consider the quartic 
vertices of figs. l3.4l and l3.5l in their calculations of cross sections for t + 7 and t + Z 
production. That's entirely correct, since their analysis does not involve couplings 
like {a , T]}, the only ones who contribute to those quartic vertices. 



3.2 FCNC branching ratios of the top 



In this section we compute all FCNC decay widths of the top quark. The 
decay width for ? is given by 



m. 



^ = 12^ I'"' + + 16"' (|A'I' + lA^l' 

+ 8vmjm[(a^, + (a,^,r)ft^]| , (3.12) 

with an analogous expression for T{t — > eg), with different couplings. The elec- 
troweak sector operators we discussed in the previous section contribute to new 
FCNC decays, namely, t — > uy{wA t ^ cy, with a priori different couplings), for 
which we obtain a width given by the following expression: 

nt - uy) = ^ |m? \al + {alr\' + I6v^ {m'+m") 

+ 8vmjm [{al + {aJX)^l] \ ■ (3-13) 
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Notice how similar this result is to eq. (13.121) . We will also have contributions from 
these operators to f ^ wZ (f —> cZ), from which we obtain a width given by 



r(f uz) 



+ K4i\Tlut\^ + \iiut\^) + K5 \e\^ + K(,Re[a^,a^,] +K,Im [af,^f,] 



af; AfJ +K9Re [aid*] +K,oRe [af,d] 



+ KuRe [p^,{7]ut - nut)*] +Knlm [ftf, d] +KnRe [r]utf\: 



(3.14) 



where the coefficients Kj are given by 



K4 



(m? -mlf Ks = ^ {m} + 2 m|) Ke = {mj - m|) {mj + ml) 



4m4 m 



K-] =4mt (mf + 21112) ^ -^8 = 4wi, (wi^ — v /Tg = —2 (2wi^ + m|) 

,,2 



10 



13 



■K2 



(3.15) 



The anomalous couplings that describe the FCNC decays t qZ and t ^ qy 
are not entirely independent - according to eqs. (13.41 ) and (13.101 ) the couplings 
{a^, a^} and {j8^, jS^} are related to one another. This will imply a correlation 
between the branching ratios for these two decays. Then, gauge invariance imposes 
that one can consider anomalous FCNC interactions that affect only the decay t 
qZ, but any anomalous interactions which affect t g 7 will necessarily have an 
impact on t —>^ qZ. In particular, if one considers any sort of theory for which 
Br{t qj) / 0, then one will forcibly have Br{t — > qZ) / 0. The reverse of this 
statement is not necessarily true, since more anomalous couplings contribute to the 
Z interactions than do the 7 ones. 

If the couplings contributing to one of these branching ratios were completely 
unrelated to those contributing to the other, then the two branching ratios would be 
completely independent of one another. As we see in figure [3^ that is not the case. 
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To obtain this plot we considered that the total width of the top quark was equal 
to 1.42 GeV (a value which includes QCD corrections, and taking Vtt — 1 [35, 
62]), set A = ITevI^ and generated random complex values of all the anomalous 
couplings, with magnitudes in the range between 10^^° and 1. We rejected those 
combinations of parameters which resulted in branching ratios for ? — > uZ and 
t ^ uy larger than 10^^ B Regarding the {a, j8} couplings, we first generated 
random values for {afj , j8,^ , pif-} and then, through eqs. (13.41) and (13.101 ) obtained 
{a^a^}and {/3^i3^}. 




BR(t ^ u Z) 



Figure 3.6: FCNC branching ratios for the decays / uZ vs. t ^ iiy. 



With very few exceptions, we can even quote a rough bound on the branching 
ratios by observing the straight line drawn by us in the plot - namely, that it is 

^If one wishes to consider a different scale for new physics, one will simply have to rescale the 
values of the anomalous couplings. 

■'with all precision one should then add the corresponding FCNC widths to the top total width 
quoted above. However, the error we commit with this approximation is always smaller than 2%, 
and then only for the larger values of the branching ratios considered. 
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nearly impossible to have Br{t uj) > 500 Br (f uZY'^ - but we remember 
that plot build as 13.61 gives us the pai^ameter space of solution in an approximate 
way i.e. in the limit we must have a region with clear boundary. Again, if gauge 
invariance did not impose the conditions between y and Z couplings expressed in 
eqs. (13.41 ) and (13.101 ). what we would obtain in fig. 13. 61 would be a uniformly filled 
plot - for a given value of Br{t uZ) one could have any value of Br{t — > uj). If 
we take the point of view that any theory beyond the SM will manifest itself at the 
TeV scale through the effective operators of ref. [9] then this relationship between 
these two FCNC branching ratios of the top is a model-independent prediction. Fi- 
nally, had we considered a more limited set of anomalous couplings - for instance, 
only a or j3 type couplings - the plot in fig. 13.61 would be considerably simpler. 
Due to the relationship between those couplings, the plot would reduce to a band 
of values, not a wedge as that shown. Identical results were obtained for the FCNC 
decays f — > cZ and f — > c 7. 



3.3 Strong vs. Electroweak FCNC contributions for cross 
sections of associated single top production 



The anomalous operators that we have been considering contribute, not only 
to FCNC decays of the top, but also to processes of single top production. Namely 
to the associated production of a top quark alongside a photon or a Z boson, pro- 
cesses described by the Feynman diagrams shown in fig. 13.71 The FCNC vertices 
are represented by a solid dot, with the letter "S" standing for a strong FCNC 
anomalous interaction and a "EW" for the electroweak one. Notice the four-legged 
diagrams, imposed by gauge invariance. 

Other possible processes of single top production involve quark-quark (or 
quark-antiquark) scattering (tq production); we call them four-fermions processes. 
There are eight such processes which we list in the table 13.21 Here, we consider 
processes that involve only a single violation i.e. we do not consider processes like 
sd — > tii for example. The resulting cross section has contributions from strong and 
electroweak operators like (3.2), (3.3) and (3.4) as well as from the four-fermions 
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Z. g< 





Z. -, II, c 




Z.l 



Figure 3.7: Feynman diagrams for tZ and / y production witti both strong and 
electroweak FCNC vertices. 



Foui-feimions process Process number Channel 



uu — > tu 
uc — > tc 
uu — * tu 
uii tc 
uc tc 
dd ^ tu 
ud ^td 
ud —> td 



(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(V) 
(8) 



t,u (fig 

t(fig.| 
s,t (fig 
s (fig. 

t(fig.| 
s (fig. 

t(fig.| 
t(fig.| 



Table 3.2: List of single top production ciiannel through quark-quark scattering. 



operators. However, we do not consider tlie contribution due to four-fermion op- 
erators.Figs. 13.81 and [T9l show all Feynman diagrams in a generic way. Finally, 
we can observe that processes (1) to (5) in table 13.21 have no correspondence at 
the tree level in the SM. This way, the first contribution to the cross section is of 
order A^^. This is not the case with the processes ((6) to (8)). Here, the processes 
have the SM contribution to the amplitude; they are represented by the Feynman 
diagrams l2.2l -(a). l2!2l -(b) and l2.2l -(c) in page [181 Thus, the first correction in these 
cross sections is the interference between SM and FCNC diagram with contribu- 
tion of order A^^. The strong FCNC contribution to tZ and tq production have 
already been considered in [6-8]. Our aim in this section is to investigate what is 
the combined influence of the strong and electroweak anomalous contributions to 
these processes. We note that the relation between strong and electroweak FCNC 
channel to the tq production had been considered in [63]. 
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3.3.1 Cross section for qg^ty 

The total cross section for the associated FCNC production of a single top 
quark and a photon including all the anomalous interactions considered in sec- 
tion l3.1l is given by 

iTlf 

+ ^-^Re[mtr+mm] (3.16) 
where we have defined the functions 

Fy{t,s) = ^ ^ '- 

(nit^ — s) t 

Hy{t,s) = -—— ^i— ^ (3mf-4mf {s + t)-st {s + t)+}nf (s'^ + 3st + t^)) . 

3 [mf-s) [mf-t) 

(3.17) 

We used the couplings generated in the previous section for which we computed 
the branching ratios presented in fig. 13.61 We also generated random complex 
values for the strong couplings , jS,^}, once again requiring that Br{t —>■ ug) < 
10^^. To obtain the cross section for the process pp^ug—^tyat the LHC 
we integrated the partonic cross section in eq. (13.161) with the CTEQ6M partonic 
distribution functions [64], with a factorization scale jJ-f set equal to m,. We also 
imposed a cut of 10 GeV on the pr of the final state partons. In figure 13.101 we 
plot the value of the cross section for this process against the branching ratio of 
the FCNC decay of the top to a gluon. We show both the "strong" cross section 
(in grey, corresponding to all couplings but the strong ones set to zero) and the 
total cross section (in blue crosses, including the effects of the strong couplings, 
the electroweak ones and their interference). The most immediate conclusion one 
can draw from fig. l3.10l is that the interference between the strong and weak FCNC 
interactions is by and large constructive. In fact, the vast majority of the points in 
fig. 13. 101 which correspond to the total cross section lie above the hne representing 
the contributions from the strong FCNC processes alone. For a small subset of 



Strong vs. Electroweak FCNC contributions for cross sections of associated 
single top production 41 




BR(t ^ u g) 

Figure 3.10: Total (blue crosses) and strong (grey) cross sections for the process 
pp ug ^ ty versus the FCNC branching ratio for the decay t ^ ug. 
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points we may have a^'"''\pp ug ^ ty) < o^{pp ^ ug ^ ty), but in those 
cases the difference between both quantities is never superior to 1%. Then, within 
an eiTor of 1%, the strong cross section o^{pp ug ^ ty) (calculated in ref. [8]) 
is effectively a lower bound on the total cross section for this process. 

Another interesting observation from fig. l3.10t any bound on o {p p ^ ug ^ 
t y) (such as those which are expected to come from the LHC results) immediately 
implies a bound on Br{t ug). However, a hypothetical direct determination of 
Br{t ug) would not determine the cross section. Inversely, the discovery of 
the FCNC process pp ^ ug ^ty and obtention of a value for o{pp ^ ug y) 
would set an upper bound on Br{t ug), not fix its value. 

Had we plotted the electroweak cross section (the term proportional to T{t 
qy) in eq. (13.161 )) and the total one versus Br{t uy), we would have found a 
very similar picture to that of fig. IB.lOt a straight line for the electroweak cross 
section and a wedge of values lying mostly above it. We thus observe a great 
similarity in the behaviour of the total cross sections with both FCNC branching 
ratios. In fact, this is shown in quite an impressive manner in fig. 13.111 where we 
plot the total cross section against the sum of the FCNC branching ratios. The 
"line" shown in this figure is actually a very thin band, but this plot shows that, to 
good approximation, we should expect a direct proportionality between the cross 
section for the process pp ^ ug ty and the quantity Br{t uy) + Br{t —>■ ug). 
In fact we can even extract the proportionality constant from the plot above, and 
obtain 

o{pp^ug^ty) 900[Br{t ^ uy) +Br{t ^ ug)] , (3.18) 

with a maximal deviation of about 9%. Thus a measurement of this cross section 
would determine the sum of the FCNC branching ratios, but not each of them 
separately. Analogous results are obtained for the processes involving the c quark, 
the only differences stemming from the parton density functions associated with 
that particle. We obtain 

a{pp^cg^ty) ~ 95 [Br{t cy) + Br{t eg)] pb , (3.19) 
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BR(t u g) + BR(t ^ u Y) 



Figure 3.11: Total (electroweak and strong contributions) cross section for the 
process pp ^ ug ^ ty versus the sum of the FCNC branching ratios for the 
decays t ;(y and t ^ ug. 
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but the values of the cross section can now deviate as much as 19% from this 
formula. Notice that typical values of the cross section for production oft + Z via 
FCNC through a c quark are roughly ten times smaller than those of processes that 
go through a u quark, which is of course due to the much smaller charm content of 
the proton. 

Is there a way, then, to ascertain whether the main contribution to o{pp ^ 
ug ^ ty) stems from anomalous strong interactions, or from weak ones? Indeed 
there is, by analysing the differential cross section for this process. In fig. l3.12l we 
plot da /d cos 6 versus cos 6, 6 being the angle between the momentum of the pho- 











BR(t^ug)~10"^ 






BR(t^uy) ~ 10"^ 








s 






\' 

\ 



-1 -0.5 0.5 1 

cose 



Figure 3.12: Differential cross section pp^ ug r y versus cos 6, for a typical 
choice of parameters with a branching ratio for t ^ ug much larger than Br{t — > 
uj). The strong contribution practically coincides with the total cross section 
(full line). The electroweak contribution is represented by the dashed line. 



ton (or top) and the beam line. We show the strong and electroweak contributions 
to this cross section, as well as its total result. We chose a typical set of values for 
the anomalous couplings producing a branching ratio for the FCNC decay t ^ ug 
clearly superior to that of the decay t ^ uy. As we see, the angular distribution 
of the electroweak and strong cross sections is quite different. Since the strong 
anomalous interactions are dominating over the electroweak ones the total cross 
section mimics very closely the strong one. 
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cosO 

Figure 3.13: Differential cross section pp—f ug ? 7 versus cos0, for a typ- 
ical choice of parameters with a branching ratio for t ^ ug much smaller than 
Br{t uy). The electroweak contribution practically coincides with the total 
cross section (full line). The strong contribution is represented by the dotted line. 

In fig. l3.13l we show the inverse situation: a typical set of values was chosen 
which gives us Br{t ^ uy) ^ 10^^ and Br{t ug) ~ 10^^, meaning a situation 
for which the anomalous electroweak interactions are clearly dominant over the 
strong ones. We see from the angular distribution of the total cross section shown 
in fig. l3.13l that it now greatly resembles its electroweak component. Judging from 
figs. 13.121 and 13.131 the telltale sign of dominance of strong FCNC interactions 
is a pronounced variation with cos Q in the cross section, whereas a dominance 
of electroweak FCNC effects will produce a relatively "flat" cross section. The 
Feynman diagrams of fig. 13.71 help to explain this difference in dependence with 
COS0: the strong cross section has a significant contribution from the ^-channel 
(since the ^-channel diagram is suppressed by the top mass), whereas the inverse 
happens for the electroweak cross section. However, it should be pointed out that 
the four-legged diagrams contributing to both cross sections will upset a clear s-or- 
t channel dominance. Notice also that if FCNC produce branching ratios of similar 
size in both sectors the difference in behaviour shown in these plots will not be 
seen. In fact, we may get a better feel for the different angular behavior of the 
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strong and electroweak FCNC interactions if we define an asymmetry coefficient 
for this cross section, 

^ ^ af+y(cos > 0) - a;+y(cos G <0) 
'^^ at+y{cos > 0) + a,+^(cos < 0) ' 

To exemplify the relevance of this quantity, we generated a special sample of 
anomalous couplings: random values of all strong and electi'oweak couplings such 
that Br{t uy) + Br{t ug) ~ 10^^. This will include the cases where one 
of the branching ratios dominates over the other, and also the case where both of 
them have similar magnitudes. We show the results in fig. 13.141 plotting the value 
of At^y in terms of the two branching ratios whose sum is fixed to 10 ^. Looking 




Figure 3.14: The angular asymmetry coefficient defined in eq. ( I3.20t as a func- 
tion of the branching ratios Br{t uj) (crosses) and Br{t ug) (dots). 



at the far left of the plot we see that when the electroweak FCNC interactions dom- 
inate over the strong ones At^y tends to a value of approximately —0.85, and in 
the reverse situation we have Af+y ~ —0.42. However, when both branching ratios 
have similar sizes, At^y can take any value between those two limits. 
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3.3.2 Cross section for ^ ?Z 

We can perform analysis similar to those of the previous section for the asso- 
ciated production of a top and a Z boson. We computed an analytical expression 
for the cross section of this process, which is given by the sum of three terms, 

dt dt dt dt ' 

with strong FCNC contributions {o^), electroweak ones (a^^) and interference 
terms between both sectors. The expression for do^^^^zM^ was first given in 
ref. [8]. The remaining formulae are quite lengthy, involving many different com- 
binations of anomalous couplings with complicated coefficients. We present them 
in Appendix l3.Al for completeness. To examine the values of these cross sections at 
the LHC, we used the set of anomalous couplings generated in the previous section, 
complemented with randomly generated values for the r\ and B couplings and in- 
tegrated the expressions (13.211 ) with the CTEQ6M pdf 's. We chose pLf = + mz 
and imposed a 10 GeV cut on the transverse momentum of the particles in the final 
state. 

Unlike what was observed for the f / channel, there is no direct proportionality 
between a^^{pp ug ^ tZ) and Br{t — > qZ) - this is due to the many different 
functions multiplying the several combinations of anomalous couplings presented 
in Appendix 13. Al Because the functions Fi^ and (eqs. (13.291 )) are very similar, 
there is an approximate proportionality between the branching ratio and o^{pp ^ 
ug tZ), as was seen in ref. [8]. In fig. l3.15l we plot the total cross section for this 
process against the sum Br{t — > uZ) + Br{t ug). We see, from this plot, that 
the cross section for ? + Z production is always contained between two straight 
lines, and it is easy to obtain the following relation, valid for the overwhelming 
majority of the points shown in fig. 13. 151 

200 [Br{t ^ug) +Br{t ^uZ)] < o{pp^ug^tZ) < [Br{t^ug) + Br(t uZ)] (pb). 

(3.22) 



Which, recall, do not contribute to FCNC interactions involving the photon, only the Z. 
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BR(t ^ u g) + BR(t ^ u Z) 



Figure 3.15: Total (electroweak and strong contributions) cross section for the 
process pp ^ ug ^ tZ versus the sum of the FCNC branching ratios for the 
decays t ^ uZ and t ug. 
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The thick band observed in this figure means any bounds obtained, say, on the cross 
section, will translate into a less severe bound on the sum of the branching ratios 
than what happened for the t + / channel. For instance, in fig. l3.11l an upper bound 
on the cross section o{pp ug ^ ty) of 10^^ implied Br{t — > m/) + Br{t — > 
ug) < 10^^, whereas a similar bound on a{pp ug ^ tZ) gives us approxi- 
mately, from the right-hand side of the band in fig. I3.15[ Br{t — > uZ) + Br{t 
ug) < 10^^. If we didn't have this band of values, but rather a line corresponding 
to its left-hand side edge, the bound would be one order of magnitude lower. As 
before, we obtain qualitatively identical results for the processes involving the c 
quark, and we can quote rough bounds similar to those of eq. (13.221) . 



30 [Br{t eg) + Br{t cZ)\ < a{pp -^cg-^tZ) < 600 [Br{t eg) + Br{t cZ)] (pb). 

(3.23) 
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Figure 3.16: Differential cross sections for the process pp — > ug — > tZ. Total 
(thick line), electroweak (dashed line) and strong (dotted line) contributions. The 
electroweak contribution practically coincides with the strong one. 



And again, we observe that the strong and electroweak cross sections have 
different angular dependencies. In fig. 13.161 we plot the differential cross section 
for the process pp ^ ug ^ tZ, both the strong and electroweak contributions, for 
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a typical choice of anomalous couplings for which the electroweak FCNC interac- 
tions dominate over the strong ones. The strong contributions increase with cos 6, 
whereas the electroweak ones decrease. If the strong FCNC couplings dominate 
over the electroweak ones, then the total cross section would very closely mimic 
the angular dependence of the dotted line in fig. 13.161 Once more, if the elec- 
troweak and strong FCNC interactions have contributions of similar magnitudes, 
then it will not be possible to distinguish them through this analysis. We can define 
an asymmetry coefficient for the t + Z process as well, namely 



Ah 



Ot+z{cosd > 0) - Ot+z{cosd < 0) 
ar+z(cos >0) + Ot+z{cos d <0) 



(3.24) 



We will now use the set of anomalous couplings generated to produce fig. l3.14l and 
plot the evolution of At+z with both FCNC branching ratios in fig. 13.171 Again, 
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Figure 3.17: The angular asymmetry coefficient Aj+z as a function of the 
branching ratios Br{t —> uZ) (crosses) and Br{t ug) (dots). 



we see a clear distinction between dominance of electroweak FCNC interactions 
or strong FCNC ones. In the former case A,+z tends to a value of approximately 
0.4, and in the latter situation we have A,+z ~ —0.4 - this is particulary interesting 
since the asymmetry changes signs, going from one regime to the other. Once 
more, if both branching ratios have like sizes, At^z may have any value between 
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these two extreme. 



3.3.3 Cross section for the four-fermion channels 

In the following analysis we divide the four-fermions processes in two: those 
which don't have the SM contribution like processes (1) to (5) in table 13.21 and 
processes with the SM contribution: (6) to (8). The analytical expression for the 
cross section for the processes (1) to (5) is given by 



Int 



do do^ do^^ do 

-r = -^ + — ^ + — (3-25) 
dt dt dt dt 

where o^ , o™ and a^"' refer to strong and electromagnetic FCNC contribution 
and the interference between them, respectively. The electromagnetic term is the 
sum of the photon and Z boson FCNC contribution: 

do""^ do^ do^ 

— ^ = -^ + -^; (3-26) 
dt dt dt 

and the interference term is given by 
do'"' do^^ do^^ do"^ 

—i— = —i— + —i— + —^- (3-27) 
at at at at 

where the superscript Sj, SZ and yZ relates to the interferences: strong+photon, 
strong+Z and photon+Z, respectively. We present the analytical expression for 
those processes in the appendix 13. Bl In the previous subsections we have gener- 
ated values for all anomalous coupling that come out in the expression 13.251 and 
integrated it with CTEQ6M pdf 's to compute the cross section in the LHC. Then, 
we again chose jXp = nit, imposed a 10 GeV cut on the transverse momentum and 
imposed that all branching ratio must be less than 10^^ pb. Now, we should add 
that the total cross section for pp ^ t + q the sum of both contributions: u quark 
and c quark. 

In fig. 13.181 we plot the value of the total and strong cross section for t + q 
production against the strong FCNC branching ratio of the top quark. Here, we 
register a difference between contribution from strong and electroweak decay for 
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BR(t ^ q g) 

Figure 3.18: Total (blue) and strong (green) p p t + q FCNC cross section as 
function of the branching ratio Br{t — > qg). 



the t + q FCNC production cross section and the contribution for the t + y 
t + Z one: the upper limit to the electroweak contribution is, in the best of cases of 
order of ~ 10 pb but the strong contribution is ~ 10^ pb. As we saw in the previous 
sections (t + j and t + Z production), the upper limit contribution of the strong and 
electroweak contribution were of the same order (~ 10^ pb). Now, the upper limit 
of the strong and electroweak contribution is about ~ 10 pb to the strong FCNC 
branching ratio ~ 10^^ and then it grow until ~ 10^ pb to a branching ratio 10^^. 
Thus, if we find a cross section bigger than 10' pb, the main contribution from the 
strong one but the reverse of this statement is not true. 

In the previous sections we have used the asymmetry studies to have a cri- 
terion to distinguish the strong and electroweak FCNC contribution to t + y and 
t + Z production. Int + q FCNC production this is not possible because both the 
strong and the electroweak contribution have the same Feynman diagrams without 
any intermediate top quark. 

The cross section for t + j production is the sum of following cross sections: 
PP^gS^t^iPP^S^^tg [7], PP ^ gq ^ t (direct top production [6]) and 



Strong vs. Electroweak FCNC contributions for cross sections of associated 
single top production 53 



pp ^ qq ^ tq^. In the SM, there are three possible processes to produce t + j 
represented by the Feynman diagrams in the figs. l2.2r a). j2.2r b) and l2.2r c). With a 
cross section ~ 257 ± 12 pb [40,41]. In fig. 13.191 we plot the FCNC cross section 
oft + j production against the total FCNC branching ratio. First, we note that the 




BR(t ^ q g) 

Figure 3.19: Total (blue) and strong (green) pp ^ t + j FCNC cross section as 
function of the branching ratio Br{t qg). 



plot 13.191 and 13.181 are very similar except that the contribution of strong FCNC 
cross section is bigger by a factor of ten. Thus, the upper limit to the cross section 
is of order of 10^ pb for a strong FCNC branching ratio equal to 10^^ and it is of 
order of ~ 10^ pb for a strong FCNC branching ration about 10^"^. For large values 
of the strong branching ratio the number of FCNC events could be ten times larger 
than what is expected for the SM. 

To conclude, we briefly comment processes (6) to (8) in the table 13.21 They 
have a contribution to the cross section of order A^^ due to the interference with 
SM Feynman diagrams. The analytical expressions for these cross sections are 
given in appendix l3.BI In the analysis of those processes we separate the final state 
in two: with a b quark (or b) in the final state or without it. The reason for that is: 

^We didn't include contribution from processes (6) to (8) in table l3.2l because it is not expressive 
as we saw. 
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first, the off-diagonal CKM matrix elements suppress final state with top quark and 
other quarks other than b one; finally, the b-tag technique allows one to identify a 
jet from the hadronization of a b quark in the final state. In fact, the contribution 
with a b quark is of order ~ 10 greater than the other contributions but even in this 
case the total contribution is less than one as was showed in the ref. [63]. 



3.4 Discussion and conclusions 



To summarize, we employed the effective operator formalism to parameter- 
ize the effects of any theory that might have as its low-energy hmit the SM. The 
fact that we are working in a gauge invariant formalism allowed us to find many 
relations between couplings and quantities which, a priori, would not be related 
at all. In particular we found a near-proportionality between the cross section of 
associated top plus photon production at the LHC and the sum of the FCNC de- 
cays of the top to a photon and a gluon. We estimated the cross sections for f + 7, 
t + Z and t + q production at the LHC and saw that, for large enough values of 
the top FCNC branching ratios, one might expect a significant number of events. 
We also concluded that, for these processes, the interplay between the strong and 
electroweak anomalous interactions tends to increase the values of the cross sec- 
tions - the interference between both FCNC sectors is mostly constructive. Also, 
if the cross section of ? + ^ production is of order of 10 pb and bigger then we have 
a criterion to evaluate the dependence of this cross section and the strong FCNC 
branching ratio. Finally, we saw that the upper limit of the t + j FCNC cross sec- 
tion is one order highest than the t + q. This was understood due the contribution 
of the gluonic processes. 

Despite the advantage in using the cross section for t + j FCNC production 
due its large values, these processes do not offer a general criterion to study the 
individual contribution due to the strong or electroweak FCNC decay. In other 
words, we know the total cross section but it is not easy to distinguish the strong 
from the electroweak contribution. This is not matter case for the f + yor f +Z pro- 
duction cross section where we can perform such studies using the FB asymmetry, 
as we saw. Thus, the general problem is: even if the top quark has indeed large 
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Final State Fraction (%) Backgrounds 



tZ^{bjj)Uj) 22.2 jjjjj 

tZ^{bjj){vv) 8.1 tt,Wt,Ziji 

tZ^{blv){ii) 7.5 tt,Wt,Wiii 

tZ^{blv){vv) 2.7 Wj 

tZ^{bii){ll) 2.3 Zjjj,ZWj 

tZ^{bjj){bb) 2.2 bbjjj 

tZ^{blv){ll) 0.8 ZWj 

tZ (blv) {bb) 0.7 tt, Wt, ZW j, Wbb j 



Table 3.3: Possible final states in /Z production, and main backgrounds to each 
process [61]. 



FCNC branching ratios - strong or electroweak ones which would lead to sig- 
nificant cross sections of associated single top production at the LHC, could those 
processes actually be observed? In other words, given the numerous backgrounds 
present at the LHC, is it possible to extract a meaningful FCNC signal from the 
expected data? The very thorough analysis of ref. [61] seems to indicate so. For 
instance, for f + Z production they identify several possible channels available to 
identify the FCNC signal, summarised in table 13.31 For all of these processes, the 
processes WZj, tt and single top production will also act as backgrounds. It is also 
likely, considering the immense QCD backgrounds, that only those processes with 
at least one lepton will be possible to observe at the LHC. To build this table, the top 
quark was considered to decay according to SM physics, t — > bW , and the several 
decay possibilities within the SM of the W and Z bosons give the possibilities listed 
therein. The fraction attributed to each channel corresponds to the percentages of 
each decay mode of the W and Z as well as a 90 % tagging efficiency for lepton 
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(electron or muon) tagging, and a 60 % one for each b-jet. The most impressive 
result of ref. [61], though, is the efficiency with which the FCNC signal is extracted 
from these backgrounds: they have shown that a battery of simple kinematical cuts 
on the observed particles is more than enough to obtain a very clear - and statisti- 
cally meaningful - FCNC signal. For t + Z production they conclude that the best 
channel would be p p ^ t Z ^ I v b. For t + y production the analysis is made 
simpler by the photon not having decay branching ratios, which aides the statistics 
obtained - the best channel available would be pp ^ ty ^ ylvb. Clearly, only 
an analysis analogous to that of [61], with the FCNC interactions considered in the 
present thesis included in an event generator, would be capable of reaching definite 
conclusions regarding which kinematical cuts would be better suited to obtain a 
clear FCNC signal. That study is beyond the scope of the present thesis, though a 
preliminary study of our strong FCNC interactions in the LHC environment, using 
the TopReX event generator [65], is about to be concluded [66]. A word on higher- 
order QCD conections: they ai^e manifestly difficult to compute in the effective 
operator formalism, since the Lagrangian becomes non-renormalizable. A recent 
work using electroweak top FCNC couplings [67], however, concluded that those 
corrections greatly reduce any dependence the results obtained at tree level might 
have on the scales of renormalization and factorization. These authors have also 
shown that the higher order corrections tend to slightly increase the leading order 
result. The analysis of the differential cross sections for f + 7 and t + Z production 
will possibly allow the identification of the source of FCNC physics - the strong 
or the electroweak sector. 

Finally, we consider the process 3 in the table l3.1l i.e.. production via FCNC 
operators. In ref. [7] the authors have calculated this cross section for the strong 
FCNC operator; in the appendix 13. CI we present the analytical expression for this 
process for the electroweak FCNC operator. To obtain the cross section for the 
process pp qq — > ??at the LHC we integrated the partonic cross section in 
eq. (13.651 ) in the appendix 13. CI with the CTEQ6M pdf [64], with a factorization 
scale }Xf = 1m, .We also imposed a cut of 15 GeV on the pj of the final state 
partons. However, it is unlikely to register such FCNC process in the LHC. By a 
simple inspection of the coefficients, supposing that all of coefficients are one with 
the same signal, the total cross section is about 20 ph. The SM cross section to ti 
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about 833 ± \00pb [35, 37] i. e., the expected experimental error is larger then all 
FCNC contribution. 
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3. A Cross section expression for the process qg^tZ 



As mentioned in section U.3.2l tlie cross section for the associated production 
of a top and a Z boson is given by three terms, as in eq. (I3.21I) . The strong FCNC 
contribution is given by: 
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The electroweak FCNC contribution is given by the following expression: 



dt 
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Gi,(?,.)|a|| +G2,(f,.)|af,| +G3,(?,.) (|i8|| + |A 
+Gi2,(?,^)/m [A^e] +Gi3,(?,^)/?e [t],,T];]] (3.30) 



tq\ ) 



where the G,^ functions are given by 



Gi^{t,s) 



As {mf-t) 

X [m/" + mf [lm\-2s-t)+ wif (-5 ml + +Ast + - Am\ {s + f)) 
+ {lm\-%m%t-Am\t^ {s + t)+lst'^ {s + t) +m%{s + 'itf' 

-m\t [2m\ + s^ + -lm\ {s + t)) 
+mf (6m|-3/7i|f + 2m|? {s + 3t)-t {3s^ + 6st + t^))] 



G22{t,s) = 2 [W°-"jf {Am\ + ls + t) +mf [l m\ + s^ + 2m\t + Ast + t'^) 

4s{mf-t) 

-m\t [2m% + s^ + t'^ -2m\ {s + t)) 

-mf (6m| + 3m2?-2m|s {s + 3t) + t {3s^ + 6st + t^)) 

[im^ + Am^t + lst^ {s + t)+m\ {/ -6st-3f-) +m| [-2s^t + 2p))] 



<^3z(^^) = —-, 72 [2mym'^ {3ml + As + 2t) 

s (mf — t) 

-t ^2m|-2m| {s + t)-4st {s + t) + ml{s + tf^ 

+ mf [2m%-m\ {2s + t)+2 [s^ +Ast + t^)) 

+mj (2m|-4m|f-2? {3s^ + 6st + t^) + m\ [s^ + 6st + 5t^))] 
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m]^ — m. 



, 'if {4ml + 2s + t)+mf hm'^z + 2mlt + {s + tf 
%m\s{mf-t) L ^ 

-m|f (imz-lmz {s + t)-4st {s + t) +ml{s + tf^ 

-mf {6m% + t{s + tf + m\ {2s + 'it) -lm\s (S^ + Sf)) 

-m^m\ (2m|+4m|f + m| [s^ -Ist-'if) +2t [-5 - 4st + t^))] 



2m^s{m} — ty 



[mf - mf {2s + t)-2m\t [2m\ + s'^ +t'^ -2m\{s + t)) 



+ nq [-2mz-2mzt + {s + ty 



+mf 4m| - 2mzt -t{s + ty + 2m| (r -st + 2r 



[m] 



10 



■ m. 



{2m\ + 2s + t) +mf [m\ + + Ast + 



2s{rn} — 

+mf (2m|-n4f + 2m|? {s + t)-t (3/ + 65f +?^))] 



G72(?,5) = — ^"^'^ ^ [mf-mf (25 + f)+?Mf (-2^2 + 5^ + 4^? +?2 - 2m| (^ + 0) 
s [mf — t) 

+ 2t (-2/m| + 2wi| {s + t)-m\t {s + t)+st (^ + 0) 

{4mz-2mzt + 2mlt {s + 2t)-t {3s'^ + 6st + t^))] 



2mtV 



^ [m^-m^^ {3ml + 2s + t) +mf {4mz + s^ + mlt +4st + t^) 
s{mj-ty 

+ t (2m|-2m| {s + t)+2st {s + t)+ml {-s'^+f)) 

-mj [2m% + 2m\t -m\ [s^+4st + t'^) +t [2>s^ + 6st + t^))] 
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v2 



G9^{t,s) = —— -2 [-2mf +mf (-2m| + m|f -2?^) 

■0 



s\mt 



+ mf (3m| + 2 {s + t)) +m\t {2m\ + + t'^ -lm\ {s + t)) 
[2ml-Am\t-2t'^ {s + t)+ml [s^ + 2st + 5t'^))] 



-m. 



-V2 



Gio^{t,s) = 2 [mf-mf (3m| + f) +mf {Am\- + m\t -2st + 



s ( m} — t 



+ m\t (2m|+/ + f^-2ni| (^ + 0) 



GuziUs) = —— -7 [mf-mf {3ml-2s + t) 

s [pif — tj 

+ t {2m%-2m% {s + t)-Ast {s + t) +m\{s + tf^ 

+ mf {4mz-3s^-l0st + t^ + ml {2s + t)) 

-mj (2m| + 2m|? + m| {s^-t^)+t {-1 - \Ost + t^))] 



-2 lilt v-^ 



2 [3mf -mf (6m| + 25 + 3f) +m^2 (6m| - - 2^? + 3f^) 
+ f (-6»4 + '5'^-25f-3f^ + 6m| (i + f))] 



Gl3z(^■«) 



10 



, f(4m| + 25 + ?)+mf 7ml + 2m|? + (^ + 

-m|f {2m%-2m\ {s + t)-Ast {s + t)+m\{s + tf^ 
-mj {6m% + t{s + tf + m\ i2s + 3t)-2mls (Ss + Stj' 

+mjml [2m%+Am%t + m\ [s^ -2st -l>t'^) +2t [-5s^ -Ast + t'^))] 

(3.31) 
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Finally, the strong-electroweak interference cross section is given by 



dt 9671^2^4 

+ H2,{t,s) {Re 



Hx,{t,s){Re 



4v , 

H Im 

mt 

4v 

H Re 

mt 



4v 
mt 



(3.32) 



with Hi^ given by 



m. 



6cw (wi?^ — s-w [mj — t)t 
[l2mfsl,t-mf [Am^slf+t {-^s+l6ss^ + 16 s^t)) 
+ t {Am\s^ {-s + t)+st {^s-Assl/-Asl/t) +2mls {iss^, -3t + 4sl,t)) 
+ mj [Am^ss^ +2m\s (3 — 85^) t 
+t {s^ {-3 + Asl)+3s{-\+Asl)t + Aslt^))] 



6ciy {m} — s) s-w {mf — t)t 
[t {mis {4ssl,-3t) +4m\s^ {-s + t)+st (-35 + 4^5^+45^?)) 
+ 4mf5^ (2m|-3f) +mf {-Am\slf -^m^ssl; + t (-35 + 1655^ + 165^?)) 
+ m^ {Am^sslz + m^t (35- 85^?) 
+t (5^ (3-45^) +35 (1 -45^) f-45|,f2))] 
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^c-w {mj — sw {in} — t)t 
[Smfsl, {ml-3t) +2inf {4inlss^ + t {3 s - 16 ss^, - 16 si, t)) 
+ st^ {ml (-3 + 84) -2 (-35 + 4^4 + 440) 
+ injt {ml {s (3- 164) +840 
+2 {s^ (-3 + 44) +3^ (-1+44) f + 44?2))] 



2 2 

-mfv 



H4z{t,s) = ^ / 2 A. [^"^f^w - S'wf i'^z + s) 4 

6cw [ftf — s) s\v [fiif — t)t 

+ inj {Sinlssl, + t (9^-16^4-840) 

+t (-8m|4 {s-t)+s (854-9? + 840)] 



3cw {m} — s^ syi/ {mj — t^t 
[st^ {ml (-3 + 84) -2 (4^4-3^ + 440) -2"jf (-3 + 44) ("4-30 
+ 2mt {mis {-3 + 4sl)+t {s (9 - 164) +4 (3 - 44) 0) 
+ mjt {ml {s (9- 164) +2 (-3 + 44) 
+2 (4/4 + 65 (-1 + 24) f+ (-3 + 44) t^))] 



3cw {mf — 5) sy^ {mf — t)t 

[-2inf (-3 + 44) {s + 3t)+mft {s (-15 + 164) +6 (-3 + 44) t) 

+ mjt {-6s^ + mls (-3 + 84)+^ (15-164) ? + 2 (3-44) t^) 

+2mf (-3 + 44) +5f2 {ml (3-84) +2 (4^4 + (-3 + 44) 0)] 

(3.33) 
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3.B Cross section expression for tlie four-fermion FCNC 
production process 



The cross section for the four-fermion channel is given by the eq. (13.251 ) and 
by the definition (13.261 ) and (13.271) . Now, we present each term according with the 
anomalous decay fot the process (1), (2), (3) and (6) in table l3.2[ The strong FCNC 
contribution is given by: 

Process (1) 



dt 2l6ntus'^A^ 



+ F4 X /?e(af, afj + F5 x Im{a^, 15,1) +F(,x Im{a^,, ft 



Fi X \ai\^ + F2 X \aff + F3 x 



S 0S^ 



with coefficients 



(3.34) 



Fi = -3m,^ {t + u) + 6mt'^ {t'^ + u^) +tu [l + %tu + l u^) 

F2 = -3m,^ {t + u) + mt'^ + \6tu + 6u^) +tu (it^ + Stu + lu^) 

F3 = -16 (3m, (? + m) -2m,^ (3f^ +4?m + 3m^) +2 {3t^ +4t^ u + 4tu^ + 3u^)) 1 
F4 = -2 {3mt^ {t + u)-2mt'^ {3t'^ + Atu + 3u^) +tu {it^ + Stu + 7 u^) 

F5 = -Stilt [6t^ +lt'^u + ltu^ + 6^" + 3m,'^ {t + u)-lm,'^ [3t^ + ltu + 3u^)) v 
= 24m, {t + u) [rut^ + 2f- + t u + 2u^ -Imi^ (t + u)) v (3.35) 



where s,t, and u are mandelstan variable and the m, the top quark mass. 
Process (2) 
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do'' 



Fi x\ai\^ + F2x\a^f + F3X 



lAil' + IA 



5 |2 
'tu I 



(3.36) 



with coefficients 

Fi = - {{mt^-t) (4m/ + 5^ + M^-4m,2 (^ + "))) 



V 



F3 = — 16 (— + + 
F4 = -2 {nit^ + t) (s'^ + u^) 
F5 = — Snit [nit'^ — t^ — 2/M,^M + 2f M + 2m^) v 
= 8 m, (5^ + M^) V 



(3.37) 



Process (3) 



do^ 



Fix\ai\^ + F2x\aff +F3X 



dt 2\6nts^A.'^ 

+ F4X Re{ai ai) + F5 x Im{ai^l) +F(,x Im{a^jf:) 



S\2 
'tu I 



(3.38) 
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with coefficients 

Fi = 6m;4(5-?)2_3„i,6 (^s + t) + st {ns'^ + \6st + nt^) 

F2 = -3mt^ {s + t) + mt'^ {6s^ + 20st + 6t^) +st (ll^^ + 165f + 1 If^) 

-mt^ {6s^ + 25s^t + 25st^ + 6p) 
F3 = -16 {3mt''-3m,'^ {2t + 3u)-lu {l + 1 tu + 3u^) 

F4 = -2 {3mt^ (5 + ?)-2m/ {3s^ + 2st + 3t^) + st {lls^ + I6st + Ut^) 

+mt^ {6s^ -ls^t-lst^ + 6t^)) 
F5 = -8m, (3m, ''-3m,'^ {t + 3u)-u {\9t^ + I9tu + 6u^) 

+mt^ {3t^ + 22tu + \2u^)) v 
F(, = 24mt {ifit^ - u) {mt'^ + 3t^ + 3tu + 2u^ -nit^ {3t + 2u))v (3.39) 



The electroweak (photon) FCNC contribution is given by 
Process (1) 



dt 2l6Ktus^A'^ 



+ G4 X Re{al aJu) + G5 x /m« j3,[,) + x Im{atip, 



Gi X \al\^+G2 X |a/J^ + G3 x 



7 rY-' 



J «7*^ 
Vh ) 



(3.40) 
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with coefficients 

Gi =6mt'^ {t -uf -'init'' {t + u)+tu + 16fM+ 

-mi^ {6t^ + 5t^u + 5tu^ + 6u^) 
G2 = -3mt^ {t + u)+mt'^ [6t^ + 20tu + 6u^) +tu (11 + 16f m + 1 1 m^) 

-mi^ {eP + 25t'^u + 25tu^ + 6u^) 
G3 = -16 {6t^ +4t'^u + 4tu^ + 6w' + 3mf'^ {t + u)-lm,'^ (3?^ + 2?m + 3m^)) 
G4 = -2 (3mf^ {t + u)-2m/^ [3t'^ + 2tu + 'iu^) +tu [Wt^ + \6tu+nu^) 

+mt'^ {eP -7t^u-7tu^ + 6u^)) 
G5 = -8m, {6t^ -t^u-tu^ + 6u^ + 3mt'^ {t + u) + m,^ {-6t^ +4tu-6u^)) v 
Ge = 24mt {t + u) [lUt'^ + 2t'^ + tu + 2u^ -2mt^ {t + u)) v (3.41) 

Process (2) 



+ G4 X Re{al al) + G5 x Im{al ^l) + Gg x Im{al C ) \ (3.42) 



Gi = - {{m,^-t) {4m,'^ + s'^ + -4m,^ i^ + u))) 

G2 = -{{m,^-t) {s^ + u^)) 

G3 = —16 (— 25M + ni,^ (i' + w)) 

G4 = -2 (m,2 + ?) + 

G5 = —Sifit [nit'^ — — 2mt'^ u + 2t u + 2u^^ v 

Ge = Smt (s^ + u^) V (3.43) 
Process (3) 




with coefficients 
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+ G4 X Re(a;, a,l) + G, x ;m(a,|; (3,1;) + Gj x ;m(a,'„o| (3.44) 

with coefficients 

Gi = -3m, (5 + ?)+6m,'^ (^^ + ^^) (7^^ + S^f + 7?^) 

-m,2 (65^ + 13/f + 135?2 + 6?^) 
G2 = -3mt^ (5 + (65^ + 165? + 6?^) +5? [is^ + Sst + lt^) 

G3 = -16 (3m,^-3m/ {2t + 3u)-2u {5t^ + 5tu + 3u^) 

G4 = -2 {3mt^ {s + t)-2mt'^ {3s^ +4st + 3t^) +st {l + 8st + 1 1^) 

G5 = -8mf [3m,^ -3mt'^ {t + 3u)-u (llf^ + llfM + 6M^) 
+m,^ {3t'^ + Utu + \2u^)) V 

= 24 Mt {ntt^ -u) {nit^ + 3t^ + 3tu + 2u^ -mi^ {3t + 2u))v (3.45) 

The electroweak (Z boson) FCNC contribution is given by the following ex- 
pression 

Process (1) 



dt 62208 n Q, 5„, (m| - 0^ (m| - u)^ 



//i|a,^|^ + //2K,r + //3lA 



)Z|2 



+ 



2Mt]T]*) +//6|0|2 + //7/?e(ajf,a, 



/I* 



Z oZ*N 



12 



(3.46) 
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with coefficients 

7/1 = - 1 92 tn,"^ Sj {t-uf{tnz'^-2tu)+t^u^{ (243 - 432 + 704 ^v^."* ) f ^ ) ) + 1 024 t u 
+ (243 - 432 Sj + 704 ^v,"*) u^) - 192 m,^ S,,'' (-4mz^ 1 11 + mz'' {t + u) +tu{t + u)) 
- 2 mz^ t u (243 tu{t + u)- 432 Sj- tu{t + u) + 64- Sj {4p + 15t^ u + 15tu^ + 4u^)) 
+ 2 mz'^ (243 f ^ - 432 f ^ + 32 (3 f + 8 f ^ m + 1 6 + 8 r + 3 m'*) ) 
+ {2mz^tu ((243 - 4325„- + 645^."^) + 8 (243 - 4325v,2 + 1608 J) t u 
+ (243 - 432 5„2 + 64 5,,'^) u^)-tu{ (243 - 432 + 384 ^v,,"*) f ^ 
+ 4 (243 - 432 + 805,/) f ' m + 4 (243 - 432 5,,^ + 80 5,/ ) f 
+ 3 (8 1 - WAS J + 128 5/) «^) + OTz'^ (- 1215 f M (f + m) +21605,,.^ tu{t + u) 
+ 64Sj {3P - Ufii - Utu^ + 3u^))) 

H2 =t^u^{ (243 - 432 Sj + 704 ) f ^ + 1024 Sj 1 11 + (243 - 432 Sj + 704 Sj) u^) 
-\92m,^ S^^ u {mz^ -2mz^ t + t {t + u)) +2 niz^ t u{256s^ -I92s^ S,,^ u - l92sSj 
+ 21 {-9 + \6Sj)t u{t + u)) +64m,'^ u{3mz'^ {2s + 3u) - 6mz^ t {2s + 3u) 
+ 2f (3 f - + lOf M + 3 M^)) + 2mz'* (96/5,,'* + 128 5^ S,,'' u + 32Qs^Sj' + 384^5,,'* w' 
+ 3 ((81 - 1445,,2) f2 + 645,,,'* u^)) - m,^ {t u ((243 - 4325,,^ + 3845,,'*) + 16005,,"* u 
+ 1 600 5,,'* f + 3 (8 1 - 1 44 5„2 + 128 5,,"* ) ) + mz"* ( 1 92 5„,'* + 448 s^ Sj u + 96Qs 5,,"* 
+ 3 M ( (8 1 - 144 5„ 2 ) ? 2 + 9 (9 - 1 6 5,,^ ) f m + 256 5„,'* m^) ) - 2 mz^ f m (320 5^ 5,,'* + 768 s Sj u 
+ 9 ((27 - 485„2) f2 + (27 - 48 Sj + 645,,'*) u^))) 
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//3 = - 16 ( 192 }n,'^ Sj (-2 mz^ t u + mz'^ {t + u) +tu{t + u)) 

+ 1 u {-4mz^ s^(Sl~ 144 5v,^ + 1605,/) + 9s{-9+ 165„2) {3t^ -2tu + 3u^) 
+ msj{3p + 2t^u + 2tu^ + 3u^)+4t7iz'^i9s{-9+l6 5„ ^ ) + 1 60 5,,,^ (f + m) ) ) 
-m,2(-8mz'i(-81 + 1445,,2 + 325,/)fM + rM(27i(-9 + 165w^)(f + m) 
+ msJ{3r + 2tu + 3ir))+mz*i27s{-9+l6 ){t + u) 
+ 645/ {3t^+lOtu + 3ii^))))v^ 

H4 = -16 {192m,'^S J {-2mz^tu + mz* [t + 11) +t u{t + u)) 

- 64 OT,^ {-Amz^stii + 2tu{3t^ + 2tu + 3i?-) + mz^ (3 f ^ + 10 f m + 3 m^) ) 
+ f u ((243 - 432 5vv^ + 3845,/) t" + (243 - 4325,/ + 2565,/) u 

+ (243 - 4325,/ + 2565,/) f + 3 (81 - 1445,/ + 128 5,/) v? 

+ 2mz'^ (243-4325,/ + 3205,/) (f + u) -2mz^ {32Qs^Sj - 27 (-9 + 165,/) (f + uf)))v^ 
H5 = -{s{tu{-4mz'^ (81 - 1445,/ + 1605,/) + (-243 +4325h.^ - 3845,/)?^ 

+ 2 (9 - 8 5,/)^ M - 3 (8 1 - 1445,/ + 128 5,/) +4mz^ (8 1 - 1445,/ + 1605,/) (t + u)) 
+ 3 m/ (81 - 1445,/ + 128 5,/) {P + ir' + niz'^ {t + 11) - 2mz^ {r + 1/))) v^) 
//6 = -4 ( -243 f + 432 5„? / - 384 5,,,'* f - 5 1 2 5,/ t^u- 640 5„'* / - 5 1 2 5,,'^ t w' 

- 243 u' + 432 5,,2 u' - 384 5,,"* t/ - mz"* ((243 - 432 5,,^ + 7045,,,'^) + 10245,./* f m 
+ (243 - 432 Sj + 7045,,,'*) i/) + 2 mz^ ( (243 - 432 5„,2 + 448 5^) / + 768 5,/ / u 
+ 768 Sj t + (243 - 432 5,,' + 448 5,,,'*) w' ) + m/ ((243 - 432 5,,^ + 384 5,/) P 

+ 320 Sjt^u + 320 5,,"* f + 3 (8 1 - 144 5,,^ + 1 28 5,^"* ) t/ 
+ mz'* (243 -4325,/ + 7045,/) (f + m) -2otz^ ((243 -4325,/ +4485/)/ 
+ 512 5,,,'* fM + (243-432 5,/ +448 5h.'* )u^)))v'^ 
H^ = -2 (/ 1/ ((243 - 432 5/ + 7045,/) / + 10245,/ 1 u + (243 - 432 5,/ + 7045/) u^) 
+ 192 m/ 5^"* M (mz"* - 2;7Jz^ t + t {t + 11)) + 2mz^ tu (256 Sj - 192 Sj u 

- 192 i5„.'* + 27 (-9 + 165/) f M (f + m)) + 64m/ 5,,"* (6 mzT tu{2s + u) 

+ 3mz'*(252-25M + i/)-2fM(3r + 2f« + 3M2))+2mz'* (96/5,/ + 128 i^5/M 
+ 320i2 5,/M2 + 384i5,// + 3/((81 - 1445,/)/ + 645,/ 1/)) 

- m/ {2}nz^ t u (832 5^ sj + (243 - 4325/) + 3 (9 - 8 5,/)^ u^) 
+ f M ((-243 + 432 5,/ - 3845,/) / + 448 5,/ t^u + 448 5,/ 1 

_3 (81 - 1445,/ + 1285,/)t/) +OTz^ (576,/5,/ + 64/5,/M + 576i5/M2 
+ 3M(9(-9+165,/)/ + 9(-9+165,/)fM + 2565,//)))) 
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//g = - 8 m, (-2 mz^ t u ( (243 - 432 S^^ + 64 5,/ ) f ^ + 4 (243 - 432 ^v,,^ + 128 Sj" ) f u 
+ (243 - 4325,,2 + 64 5,/) u^) ~ fM ((-243 + 4325,„2 - 3845,/) 
+ 2 (-243 +4325v,2 + 325,/) r m + 2 (-243 +432 5,,,^ + 325,,'^) f 

- 3 (8 1 - 144 5„ ' + 128 S,,^ )u^) ~ 128m,^ Sjtu{4-mz* + 3r -2tu + 3 1? -Amz^{t + u)) 
+ 192m/ Sj t u + mz^ {t + u) +t u{t + u)) 

- mz^ (-729 f M (f + m) + 1296 5,,^ f m (f + «) + 64 5,,'* (3 f ^ - 8 f ^ m - 8 f + 3 m^) )) v 
//g = -4 (- (r M ( (243 - 432 + 448 5,/) f ^ + 768 Sj „ + 768 5,,'* f 

+ (243 - 432 + 448 ^w"*) ) ) + 3 tn,^ t u {mz'' (243 - 432 + 256 5,/) 
-4mz^ (9 - 85,,^)^ (f + m) + 2 (9 - 85,,.^)^ (f^ + m^)) + 64m/5„,'^ (4mz'^ (f + u) 
+ 4tu{t + u)- mz^ (f ^ + 14 f M + «^) ) - mz"* (-243 i f m + 432 5 S,,^ t u 
+ 64 S,,!^ {At^ + \5t^u + \5tu^ +Au^))+2mz^ (243 f m (f ^ + m2 _ ^^^2 ^ ^ (-^2 _^ ^2-) 
+ 325,,,'^ {t'^ + 22t^ u + 3Qt^u^ + 22tu^ + u')))^p■ 
HlQ=2A m, (-2 mz^ f M ( 128 m/ Sj + 3 (27 - 48 5,,^ + 64 5,,"^) f ^ + 256 ^h,"^ t u 

+ 3 (27 - 48 Sj + 645,,.'*) tr - 256m/ (r + m) ) + f « ((8 1 - 1445,/ + 128 5,/) / 
+ 192 5,/ / M + 192 5h,'* f + (8 1 - 1445,,' + 128 5,,.'*) t/ + 64m/ Sj (f + u) 
-128m/ 5,/ {t + uf) 

+ /izz"* (f + m) (64 - 64 i 5,,'* m + m (64 m/ 5,,"* + 8 1 f - 144 5,,2 f - 64 5,^"* m) ) ) v 
//i 1 = -4 (r M ( (243 - 432 5,/ + 448 5,/) f ^ + 768 5,/ t^u + 768 5h.'* f 

+ (243 - 432 5,/ + 448 5,,"*) ic' + 256 m/ 5,,.'* (f + m) - 5 1 2 m/ 5,,'* (f + m)^) 

+ mz"* (f + m) (256 5,/ - 1 92 i 5„,'* m + 3 m (64 m/ 5^"* + 8 1 f - 144 5„ ^ f - 64 5^'* m) ) 

- 2 mz^ (243 f m (f ^ + m^) - 432 5,,^ t u + m^) + 32 m/ 5,/ (f ^ + 14 f m + m^) 

- 64m/ 5,/ (f^ + 15/m + 15f i/ + «^) + 32 5^'* (/ + 22f^M + 30?^^/ + 22 fi/ + u^)))v^ 
Hu = -8i (m/ (9 - 85,/)' (mz^ - f ) (mz^ - m) (r + m) + rM (4mz'* (81 - 1445,/ + 160 5«,'*) 

+ (243 - 432 5,/ + 384 5,,"*) / - 2 (9 - 8 5,,' )^ m + 3 (8 1 - 144 5,/ + 128 5,/) 

- 4mz' (81 - 1445,/ + 1605,,'*) (f + u))) 

//i3 = - 1 6 »x, (- (f M ( ( -243 + 432 5,,^ + 64 5,,"* ) / + 5 1 2 5^"* n< 

+ (-243 + 4325,/ + 645,/) u^)) + 64m/ 5,,'* (4mz'* (f + m) + 4f m (f + u) 

- mz^ {P- + Utu + u^)) - 2mz'^ (-243 f m + 432 Sj- 1 u + 645,/ (2 / + f m + 2 m^)) 

+ 2mz^(-243fM(f + M)+4325,/fM(f + M) + 325,/(/ + 9/M + 9fM2 + M^)))v^ 

(3.47) 
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Process (2) 



dt 20736 n C„ S„ (m| -tfs'^ M 



Z\l 
'ut\ 



+ //4|Afj'+^5 



+ 



Z 



2Re{rifi*) + H(,\d\^ + HTRe{a^,a, 



Re{^U*)-Re{^ttr\*) +HuImiP,ie) 



(3.48) 



with coefficients 



Hi = t (-256m,*' Sj + 256mf' {s + t + u)+t {6As- 5,/ + (9 - 8 Sjf u^) 
- m,2 (64^2 5„4 + 256sSjt + (9-8 Sjf u [At + u))) 
- ( (m,2 - f ) f (64^2 + (9 - 8 S,,^f u^)) 

- 1 6 f (.? ( - 8 1 + 1 44 Sj - 1 28 5,,/* ) m + m,^ (^ (9 - 8 )^ + 64 5v,^ m) ) 
16f (-64OTr5,,'^ (i + M)+M(12855v,'*+9(-9 + 165,,-)(f + m)))v2 



Ho 
Hi 
Ha 



H5 = -(,v(81 - 1445,,^ + 128 ^w"*) {mr^-t)uv^) 

He = -4 (-64^2 5,/ - (9 - 8 S^'f + m,^ (6455,/ + (9 -%Sjf «)) v'^ 



Hi = 



Hg 



Hn 

H12 

Hn 



-2 1 (m,2 + 1) (64^2 5„ 4 + (9 _ 8 2<)2 



Hs = -8m, f (64m,'* Sj - 128 ;7i,2 Sj m + 8 1 m (2f + m) - 1445,,^ u{2t + u) 
~6ASj {t^ -2tu-2u^))v 



2^2 



- m,^ (128 i5v/ + 2 (9 - 8 Sj) 11)) v 



Hio = 8 m, f (64r S,,* + (9 - 8 m^) v 



-At {GAs^Sj + (9 - 85„2)2 „2) ^2 



-8 5 (8 1 - 1445„,2 + 128 S^'^) t u 
-l6m,t{6Ami^S„^-6AS„^t + &lu-lAA Sj- u) 



(3.49) 



Process (3) 
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Hi = s^f {s^ (243 -4325„.2 +4485„,'*) +512551,"^? + (243 -4325v„2 +4485/)f2) 

- 1 92 ;7i,^ {-2mz^st + st{s + t) + mz\5t + Au))+2mz^st{21s-{-9 + l6 S,,- ) t 
+ 27i(-9+165,,2)f2 + 645,/M(-3f2-3fM + 2tr)) + 2mz'* (27*2 (9-l6S„^)t^ 
+ 325,/ {61^^ + \2t^ u+Ut^ i? + %tw' + 3u')) 

+ 64ot,'*5/ {6s^t + mz'^{2lt^ + b2tu + 2Au^) + 2st{3r + mz^{l5t + 2u))) 
+ m,2 (-(if (s^ (243 -4325,,^ + 3845,/) + 4^2 (243 -4325,/ + 208 5„,'*)f 
+ 4 s (243 - 432 5,/ + 208 5^) f ^ + 3 (8 1 - 144 + 128 5,,,'^ 

-2mz^if (27s2(_9+l65„,2) + 216i(-9+165„2)f + 3(-81 + 1445,,2 + 3205„.'^)f^ 
+ 768 Sw"* r M + 64 5,,^* m') + mz"^ ( 1 35 /( -9 + 1 6 5,/ )r + 135i(-9+16 5,/ ) r 
-6ASj{l2p + 59 t^u + 55 ti? +1511^))) 
H2 = {s^ (243 - 432 + 448 5,,'*) + 5 12 i 5,,"^ t + (243 - 4325,„2 + 448 5,,,'*) t^) 

- 1 92 m/ Sj t {mz'' -2mz^ s + s{s + t)) +2mz^ st [21 {-9 +l6S^^)t 

+ 27 s (-9 + 16 5,/) f 2 + 645,/ m (-3 f ' - 3 f m + 2 ic)) + 2mz'* (27 (9 - 16 5,/) 

+ 32 5,/ (6 f + 1 2 f M + 1 4 f ^/^ + 8 f M V 3 1/) ) + 64 m/ 5,/ t{6s^ + l6s^t 

+ 3 mz"* (3 f + 2 m) + 6 i (f^ - mz^ {3t + 2u))) +mi^ {-{st [s^ (243 - 432 + 384 5,/) 

+ 1088 5,/ 1 + 1088 i 5,/ f ^ + 3 (8 1 - 1445,/ + 128 5,/) / )) + 2 mz^ ^ f {s^ (243 - 432 5,/) 

+ 9 (27 - 48 5,/ + 64 5,,,'^ ) f ^ + 768 5,,,"^ f m + 448 5/ ) + mz'^ {21 [-9 +16 5„2 ) t 

+ 27i(-9+165,/)f2-645,/(12/ + 15f2M+llfM2^3M^))) 




(3.50) 



.Z|2 



with coefficients 



Cross section expression for the four-fermion FCNC production process 75 



7/3 = - 1 6 ( 1 92 m,^9 5,/ f + 1 92 m,'^ ^v,,"* {-2mz^st + mz'^ (2t + u) - st (2t + 3u)) 
~tu{S mz^ i (8 1 - 1445v,2 + 1 125v,.'*) m + i (4 (8 1 - 144 S J + 160 5v/) 
+ 4 (81 - 1445,,^ + 1605,,'*)f M + 3 (81 - 1445„- + 1285,,*) u-) -Stnz"^ {9s (-9 + 16S„^) 
+ 1 1 2 (r + M ) ) ) + »if ^ (4 mz^? ( - 8 1 + 1 44 5„ ^ + 1 28 5,/ ) f m 

- mz'^ (-243 is + t)u + 432 S J {s + t)u + 64 S J (6 f" + 20r m + 3 m^)) 

+ 5f (8 1 M (4f + 3 m) - 1445„,2 M (4f + 3 u) + 128 5,,"* (3 f" + 8 f m + 6 m^)))) 
i/4 = 16 (- 192 m,*' i ^v,"^ f - 6 m,'^ (- (mz" i (9 - 8 S,,-f t) + 32mz* 5,/ (2 f + m) 

- 32 i ^H,"* t{2t + 3u))+tu{2mz^s (243 - 432 + 448 S„'^) u + s {s^ (243 - 432 S,,^) 
+ (243 - 432 5„- + 640 Sj ) f V 640 Sj tu + 384 Sj u^) ^2mz\27 s{-9 + 16 S,,-^) 

+ 4485/ (f + m))) +'%^ (-4mz^i(243 -4325v/ + mS,,^)t u + st (21 s^ (-9 + 165,,^) 

+ (-243+4325,/ - 3845„,'^)f2 - 10245„.'*f m -7685/m2) 

+ 2 mz"* (27 5 ( -9 + 1 6 Sj )t + 32Sj {6t^ + 20tii + 3u^))))v^ 
H5 = -{{-{st {8mz^ (81 - 1445,^.2 + 1 l2Sj)+s^ (243 - 4325,,^ + 3845,,,'^) + 2i (9 - 85„,^)^f 

+ 3 (81 - 1445„.2 + 1285v„'^)f2 - 8otz^ (81 - 1445,,- + 1125,,"^) {s + t))) 

+ 3 m,2 (8 1 - 1 44 5„2 + 128 5,/ ){s^+t^+ mz'^ {s + t) -2mz^ {s^ +t^)))uv^) 
He =4 (243 / - 432 / S,,^ + 384 / 5,,'* + 256 5,,"^ f + 1 28 t^ + 256s S,,.^ t^ 

+ 243 r"* - 432 f + 384 5,/ 1'^-2 mz^ {s^ (243 - 432 5,,^ + 320 5,,"^ ) + 384 t 

+ 384i 5v,'*f2 + (243 - 4325,,^ + 3205,,"^) f^) + mz'^ {s^ (243 - 4325,,^) 

+ (243 - 432 5„- + 384 5„'*) f ^ + 384 t u + 448 Sj i?) + tn,^ {s^ {-243 + 432 5,,^ - 384 5,,'*) 

- 64 s^Sjt- 64i5,,'*f2 - 3 (81 - 1445„2 + 1285,,'*)?^ + 2mz^ {s^ (243 - 432 5,,^ + 320 5^,"*) 
+ 256i 5,,'^f + (243 - 432 5„2 + 3205,,'^) f^) + tnz'^ {21s {-9 + 165,^^) 

+ (-243 + 432 5„2 - 384 Sj)t - 448 5,,^* m) ) ) v'* 
Hi = -2 {s"- f 2 {s^ (243 - 432 Sj + 448 5,/) + 5 12 i 5,,^* f + (243 - 432 5,,^ + 448 5,,'*) r^) 

+ 1 92 m,^ Sj" t {mz'^ -2mz^ s + s{s + 1)) +2mz^st {21 s^ {-9 + 16 Sj )t + 21 s{-9 + \6Sj)t^ 

+ 64Sju{-3t^ -3t II + 2u^))+2mz'^ {21s''- {9 -16 ) t^ 

+ 32 Sj {6t'' + I2t^ u + \4t^ u- + 8tu^ + 3 u^))- 64 m,'^ {6s^t + 8s^t^ 

- 3 mz'' {t^-2tii + 2u^)+6st{t^- niz^ (f + 2 m) ) ) - mi^ {-{st {s^ (243 - 432 5,,^ + 384 5,,'^) 
+ 64 s^- Sj t + 64s 5,/ f 2 + 3 (8 1 - 1 44 5„2 + 1 28 5„,.'^ ) ))+ 2 mz^ i f {s^ (243 - 432 5,,^ ) 

+ 3 (9 - 8 5,,2 )^ f 2 + 704 5,,,'* u^) + mz'^ {21 s^ {-9 + 16 Sj )t + 21s{-9 + l6 5,,2 ) f ^ 
+ 645„'*(12f^+9f2M + 5fM2+9M^)))) 
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Hs = -8 m,{l92mr^ sS J t + stu {27 {-9 + 16 S,/ ) + 27 i ( -9 + 1 6 5,,^ ) f 

+ (-243 + 432 5,/ - 104S„^) - lOASj t u - 3845/ m^) + 2 mz^st (27 (-9 + 16 ^v,^) 

+ 108 5 (-9 + 16 5,,' ) f + (-243 + 4325,,' + 3845/) + 3845,,,'* t u - 3205,,,'* u^) 

+ m,^st (s^ (243 - 4325„2) +mz'* (729 - 12965,,2 - 10245,,.'*) + 27i (9 - 165,,') r + 243 

- 432 5„ ' f 2 + 1 92 5„ 4 f 2 _ 256 tnz^ 5,,.'* (3 f - m) + 896 5/ f m + 768 5,,.'* ) 
+ 192;7z,'*5,v'* {-2mz^st + mz^ {s + t)- st (f + 3 m)) 

+ mz'* ( - 1 92 5,,/* + 1 024 f - 1 92 5,^"* f ^ + ^ f ( 1 024 5,,'* f-729M+1296 5,,^ u)))v 
He, = -4{-{st {s^ (243 - 432 S,,^ + 320 S J) + 384 5,,,'* t + 384 sS,,^ 

+ (243 - 432 + 320 Sj) P))~2mz^ (32 / Sj + ( -243 + 432 - 448 5,/) t 

- 576 r 5,,.'* f 2 + 5 (-243 + 432 5„ ^ - 448 5^"* ) f ^ + 32 5,,,'* f "*) 

+ 3m,^st imz" (243 -4325,,' +2565,,'*) -4otz^ (9 - 85„2)^ (^ + f) + 2 (9 - 85/)^ (^^ + f^)) 
+ 64 m,'* 5,,'* (2mz'* {s + t)+2st{s + t)+ m-^ {s^ - \0 st + 1^)) 

- mz'* ( 1 28 5,,/* + 576 5,,'* f + 1 28 5,,/* f + 9 i f (64 5,,'* r - 27 m + 48 5„ ^ m) ) ) 
//lo = 24m, (64m,S5„/*f + 2mz^if (9/ (-9 + 165,„2) + (-81 + 1445,,,^ - 1285/)f^ 

- 1285,,'*fM- 1925„.'*M2) + 5fM(9i2(-9+165„,2)+9i(9- 165/)f 

- 3 (27 - 48 5„2 + 64 5,,,'* ) f ^ - 1 92 5,,'* f m - 1 28 5,,.'* ) 

+ 64 m,'* 5,/ f (mz^ - 2 niz^ ^ - 3 5 (f + m) ) + "^z"* « (9 i ( -9 + 1 6 5„ ' ) f + 64 5,,.'* (f ^ + f m - m') ) 
+ m,2 (256 mz^ i 5,,,'* t [t + m) + if (i^ (8 1 - 144 5,,,^) + 9 5 (-9 + 16 5,,^) t 
+ 3 (27 - 48 5,,' + 64 5,,,'* ) + 384 5,,'* r m + 256 5,,'* ) 
+ mz'* (9 5 (9 - 1 6 ) f - 64 5,,,'* {t^ + 2tu~-u^))))v 
//i 1 = -4 ( 192 m,^ i 5,,,'* t + 2 niz^ (32 / 5,,"* + (-243 + 432 - 448 5,,"*) f - 576 5,,,'* f ^ 
+ i (-243 + 432 - 448 5,,.'*) P + 32 5,,^ t'')+stu{21 {^9+ 16 5,,^) 
+ 27i (9 - 165,,') f - 9 (27 - 48 5,,^ + 645,,.'*) - 576 5,,,'* f m - 3205,,'* u^) 
+ 64 m,^ 5,,'* (3 mz'* f + mz^ (i^ - lOif + f^) - 9 if (f + m)) + mz^ M (27 i (-9 + 16 5,,,^) f 
+ 645,,'* (3 f2 + 3 f M - 2 M^)) + m,2 (-128 mz^ 5,,^ (5^ - 9 / f - 9 i f ^ + f ^) 
+ st{s^ (243 - 432 ) + 27 i (-9 + 1 6 5,,^ ) f + 9 (27 - 48 5„2 + 64 5,,'* ) f ^ 
+ 1152 5,,.'* t II + 704 5,,'* I? ) + mz'* (27 i (9 - 1 6 5„ ^ ) f - 64 5,,'* (3 f ^ + 6 f m - 2 m^) ) ) ) 
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Hn = 8 « (- {m,'^ mz^ (9-8 ^v^.^)^ {s + t))-st{2, niz'^ (8 1 - 1445,,^ + 1 125V/) 

+ (243 - 432 + 3845,,"^) + 2 5 (9 - 8 Sjf f + 3 (8 1 - 144 5„2 + 128 S,,^y 

+ 8mz^ (81 - 1445„,2 + 1125v,'*)m) +m,2 {mz^ (9 -8S,,^f {s + t)+s{9 - S S,,^f t {s + 1) 

+ mz^ ( (9 - 8 S,,^f f M + i (8 (8 1 - 144 Sj + 112 5,,'*) f + (9 - 8 S,,^fu)) ) ) 

i/i3 = I6m, {st {s^ {^243+432Sj-64Sj)+256sSjt + {-243 +432 S,,^ -64 S J) t^) 
+ 64m,'^mz^Sj {6t - u) +2mz'^ {21 s {-9 + l6S„^)t +64S„'^ {3t^ + 3tu + u^)) 
- 2 mz^ u{21 s{9 - l6Sj)t + 32Sj {6t^ +6tu + u^)) -2mt^ (64 s Sj t{s + t) 
+ 64mz'^Sj {3t + u)+mz^ {21s{-9 + 165„2)f + 645.,^ {3t^ - m^)))) 

(3.51) 

where and S„ are the sine and cosine of Weinberg angle, mz the mass of the Z 
boson. 

The interference strong-electroweak (gluon+photon) FCNC contribution is 
given by the following expression 

Process (1) 



dt 



eg?, 



s {-4mr^ + s) Re{al,ai;) 



sm,sv 



Re{P^,l5i:)+Reil5,ll5, 



7*N 

'tu ftu / 



(3.52) 



Process (3) 



dt 



' {4mt^ - u) uRe{alt a, 
Re ( af,t al ) + Re{ af„ al ) - Re{ af„ aj* ) 



+ %mt uv 



+ 16mv^ 



s oy*\ 



Im{ai^l)+Im{^lal) 
(3.53) 
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The interference strong-electroweak (gluon+Z boson) FCNC contribution is 
given by 

Process (1) 



dt ~ 1 62 n Cv, {ml -tYiml-uYs'^A.^ 
+ FH: 



FH,Re{a^,af;) 



+ FH3 



Im{a^J,i)+Im{l5,ia^' 



Re{ai ai) + Re{ai af,) - Re{ai o^f) 
+ FH,Re{af, d*) + FHsRe{ai d) + FHeRe{P^, P^,*) + FH-j [Re{P^,r) - Re{Pf, i)*) 

+ FH,ReiP,iP^:) + F//9/m(Ai 0)1 (3.54) 



with coefficients 



FHi 
FH2 
FH3 
FH4 
FH5 

FHe 

FHi 

FHs 
FHc) 



-2 {4mY — s) sSw iy—ltu + mz' {t + u)) 
-2s^S,y {-2tu + mz^ {t + u)) 
-l6nifsSw {—2tu + mz^ {t + u)) v 
-4 {2mY - s) sS,, {2mz^ -t-u)v^ 
-As^Sy, {2mz^-t-u) 

' -9 + 85h.2) (-2?M + mz^ {t + u)) 



-— (-9 + 85^.^) {mz^s + mY {mz^ -t - u) +2tu) 
>->»• 

-'i2sSw {—2tu + mz^ {t + u)) 
-\6mtsSw {2mz^ — t — u)v^ 



(3.55) 



Process (3) 
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da 



sz 



eg3 



+ FH2 



+ FH3 



/m«ftt)+/'"(i8,>„1) 



+ FH,Re{at,B*)+FH,Re{a^,d)+FH(,Re{^^,^^;) + FH, ReiP^^r^*) - ReiP^,f)*) 



+ FH^Re{^^,X:)+Pll9lm{M 



(3.56) 



with coefficients 



FH\ =Sw {Anit^ — u^ u [nii^ mz^ — 2st — mz^ 

'7/99 9 \ 

FH2=S„u {rrit mz —Ist — niz u) 
FHt, = 8 ntf S„ u [nit^niz^ — 2st — mz^ uj v 
FH4 = —2Sw (intt^ — u) [nit^ — Iniz^ — u) 



uv 



FH5 = —2Sh, [lUt^ — 2mz^ — u) 



FHe 



FHi 



-2 {-9 + SS„^) u (- {m,^mz^) +2st + mz^u) 
-9 + 85,,^) u {mt^ [mz^-s-t] +2st + mz^u) 



2Sv, 



FH^ = —l6SwU (— (wjf mz ) + 2st + mz u) v 
FH() = —'^nitSw {rrit^ — 2mz' — u) uv^ 



The interference electroweak-electroweak (photon+Z boson) FCNC contribu- 
tion is given by 



Process (1) 
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dt ~ 2592 n S,, {ml -tf (m| -ufs'^ 



GHiRe{alal) 



+ GH2 



Re{ala^„) +Re{aluat 



Im{alp^,)+Im{pla, 



+ GH^Re{al B) + GH,Re{al af:) + GH^ [/m(a^,ftf ) + Im{[5l af:) 

+ GHjReiale) + GH,Reil5ll5^;) + GH,[ReiPl7i^*) - MPltf)^* 
+ GH,oRe{Ptl ) + GHnlmiPl d) (3.58) 



with coefficients 

GHi = -48 m,"* 5„,2 {t~uf + 24 jn,^ {-~2mz^ + f + «) + f m ( (27 - 88 Sj)t^ - 128 S,,^ t u 
+ (27 - 88 Sj) u^) + mz^it + u){~27tu + S {4t^ + lit u +4u^)) 
+ m,2 (mz^ ((27-8 S,,^)t^ + 8 (27 - 20 S,,^)t 11 + (27 -iSj) i?) 
+ (r + M) ((-27 +485,,2)f2_ (81 +85,,2)rM + 3 (-9 + 165„2)m2)) 

GH2 = -24mt^Sj (mz^ ~t-u) + tu ((-27 + 88 5„2) + mS,,^ t u + (-27 + 88 Sj) u^) 
+ mz^ (32,?^ - 24s^ u -24sS J- + 27 tu{t + u)) + 8 m,'^ Sj (3 niz^ (2 i + m) 
- 2 (3 f 2 + 2 f M + 3 M^) ) - ( (27 - 48 5„ 2) f ^ + 56 5„ ^ f ^ „ + 55 5^,^ f 
+ 3 (9 - 165,,') + OTz^ (104^25,^2 _ 27f 2 + 3 (-9 + 85„') M^)) 

G//3 = -4ot, (24ot,'*5h' (2mz^ - f - m) + '«z' ((-27 + 8 Sj)t^ + 4 (-27 + 165v,,^) f u 
+ (-27 + 8 5v,^) M^) - (f + m) ((-27 + 48 f ^ - (27 + 56Sj)t u 
+ 3 (-9 + 165„,2) I?) - 16ot,2 (-3?^ + 2f m - 3 + 2mz^ [t + u))) v 

GH4 = -2 (32m,'*5v,2 (2mz^ -t-u)+mz^ ((27 - 885v,2)f' - 1285„2f m+ (27 - 885vv^)m2) 
+ (f + m) ((-27 + 56 S J) r + (27 + 405,,^) f 11 + {-21 + 565,, 2) m^) 
+ 6 m,2 (-9 + 8 5„2) (-f 2 - m2 + j^^^ (f + «))) 

G//5 = -24m, '^5,,,' (mz^ - f - m) +f m ((27 - 885v,,2)f2 - 1285,„2f m + (27 - ?,SS»^)u^) 

+ mz^ {-32 Sn^ + 24 5„ ' m + 24 ^ 5,,,^ - 27 r m (f + m) ) + 8 nit"^ i3mz^ {2s + 3u) 
~2{3t^+l0tu + 3u^)) + m,^{{t + u){{-27+48S,,^)t^ + {27 + l52Sj)tu 
+ 3 {-9+ 165,, 2) m2) + ,n/ (-40525,,^ - 9655,,^ m + 9 (3?^ + (3 - 85,,') u^))) 

GH(, = 12 OT, (8ot,'*5w^ (2mz' —t — u) — 16 m,^ 5,,-^ {2mz^ — t — u){t + u) 
+ mz^ (3 (-3 + 8 5,,2) f 2 + 325,, ^ f m + 3 (-3 + 8 5,,2) u^) 
-{t + u) ((-9 + 165,,2) f2 + (9 + 85,,') tu + {-9+ 165,,^) u^)) ^ 
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GHi = -2 (32 nit'^ Sj {2mz^ -t-u)- 64m,^ S,/ (2 niz^ -t-u){t + u) 

- (r + m) ( ( -27 + 56 ) f ^ + (27 + 40 Sj ) f m + ( -27 + 56 )u^) 
+ mz^ ((-27 + 88 5,,,^) r + 128 S,,^ t u + (-27 + 885v^.^) u^))\^ 

G//8 = 16 (2 mz^ (9 - 205„2) + 27 i f ^ + 48 5„ ^ - 24 m,"* 5,,^ {mz^ -t - ii) - l%stu 
+ 32 f 2 „ _^ 27 5 + 32 5,,^ f _^ 48 5„ ^ + ;7x,2 (4 mz^ 5 (9 + 4 ) - 27 (f + m) 

- 165,,^ {3f +2tii + 3u^)))\!^ 

GH<)=^s{2mz^s{-9 + 2QS,,^)-21t^+AiS„'^t^ + litu^l6S,,^tu-21u^ + A%S^^u^ 
+ m,2 (otz2 _ 565^^2^, _^ + 85,,^) (f + u)))v^ 

GH\Q = — 16 (24m;'*5n,^ [mz^ — u) — \6mt^ S^? {mz^ s — 3?^ — 2f m — 3m^) 

-{t + u){{-21 +A%Sj)t^ -l6Sjtu + 3{-9 + l6Sj)u^) 

+ ;7iz^ (40^2 - 27 (f + uf ))v^ 
G//i 1 = -8 m, (27 f 2 + 8 Sv,^ f ^ + 64 5,,^ f m + 27 + 8 S,,^ 

+ mz^ (40 i 5v,2 - 27 (f + m) ) + 8 nit^ Sj- {3mz^ -A{t + u)))v^ (3.59) 



Process (2) 




+ GH2 [Re{al af,) + Re{a,l al)\ + GH^ \lm{al jS,^) + /m(i3,^ ai) 
+ GH^Re{ale) + GHsRe{alaf:) + GH(,[lm{al^f:) + lm{^laf:) 
+ GHjReial 6) + GH^Re{^l Af ) + [Re{^l ri^*) " ^^'(A]; ^7^*) 
+ GHioReiPl P^ul + GHnIm{l5l d) (3.60) 
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with coefficients 

GHi = -llmt^ 5„ 2 + 32 m,^ S,,^ + f + m) + f (8 5^ S,} + (-9 + 8 S,^) u^) 

- mi^ (8 S,/ + 32i f + (-9 + ^S,,^)u (4f + u)) 
GH2 = -{{nir^ + (8 + (-9 + 8SJ)u^)) 

GH3 = -4m, (8m,'^5,,^- 16m;25„.2M-9M(2f + M)-85„2 {t^ -2tu-2u^))v 

GH4 = -2{-8s^ S,/ + (9 - 8 5,,^ ) + m, ^ ( 1 6 i 5,,^ - 1 8 m + 1 6 5h ' m ) ) 

G//5 = -((m,^ - f ) (8 i^^H^ + (-9 + 8 5v^2) M^)) 

G//6 = 4 m, (8 5„ 2 + ( -9 + 8 5,,^ ) ) y 

GHj = -2 (8 ^2 + (-9 + 8 5^2) m^) 

G//8 = - 16 (9 - 165,/) M + (-9 + 8 ^h^) + 8 5„ ^ «)) 

G//9=4i(9-165„^)Mv2 

GHio = - 16 (8ot,2 5v^.^ (i + 11) - M (1655,,^ + 9 (f + «))) 

GHii = -8m,{8m,^Sj-8S,,^t^9u)v^ (3.61) 



Process (3) 



dt 2592 71 Cv, {ml - 1)^ {ml - s)^ A"^ 



GHxRe{alal) 



+ GH2 



lm{(^l^n)+lm{^Iuaut) 



'tu ) 



+ GH3 

+ GH,Re{al d) + GH,Re{al af;) + GH^ [lm{al^f:) + «, 
+ G//7/?^'Ke) + G//8MA]:Af ) + G//9[/?^(Arrr]^*) -MAlif]^*) 
+ GH,oRe{^X) + GHnIm{^l Q) (3-62) 
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with coefficients 

GHi = -24 mf' Sj {mz^ -s-t)+st [s' (27-56 5,,,^ ) - 64 i S,,^ f + (27 - 56 S,,^ )t^) 
-8m,'*5„.2 (6i2+6f2 + mz^(15f + 2m)) 

+ mz^ (-27 ^2 f - 27 if 2 + 8 5,,,' u{3t^ + 3tu-2i?))+m,'^ {{s + t) {s^ (-27 + 48 ^v^.^) 
+ i(-81+565„2)f + 3(-9 + 165„2)f2) 

+ OTz^ ( 27 i 2 + 2 1 6 i f + 3 (9 + 40 5„ ' ) f " + 96 5v,' f m + 8 5„.^ u^)) 
GH2 = -24mr''5,,2 (mz^ -s-t)+st {s^ (-27 + 565,,2) + 64s S,,^ t + (-27 + 565,,^) t^) 
-8m,'^5v,^ (6i2 + 8if + 6f2-3mz^ (f + 2m)) 

+ OTz^ (27 5^ f + 27 5 f 2 + 8 5„,2 M (-3 f 2 - 3 f M + 2 M^) ) + m,^ {{s + t){s^ (-27 + 48 Sj) 
+ s (27 - 405v,2) f + 3 (-9 + 165v,2) f2) + ^z^ (27 + (27 - 24S,,^)t^ - 88 ^v.^ u^)) 

GH3 = 4 (24 m,*' S,,- - 24 m,'* (mz^ + f + 3 m ) + m (27 + 27 i f + (27 - 88 ) 

- 88 ? M - 48 ) + mz^ (27 + 1 08 i f + (27 + 48 Sj ) f ^ + 48 5,,^ f « - 40 5,/ ) 
+ (- 27 _ 27 f - 27 f 2 + 24 S,,^ t^ + lU tu + 96 S„^ + 16 mz^ S,,^ ( -3 f + m ) ) ) v 

GH4 =2{-{{s + 1) {s^ (-27 +405„2) + i (27 + 8 S,,') t + (-27 +405„2) r^)) 

+ 8 m,"* 5v,.2 (-3 mz^ + 2 (i + f )) + niz^ (-27 + (-27 + 48 5„.2) f ^ + 48 ^v,^ f m + 56 ^v,^ u^) 
+ 2m,^ (3 (-9 + 85„.2) {s^ + f") + mz^ (27 i + 27 f - 24 ^..^r - 32 ^v,^ m))) 

G^?5 = -24 m,'' Sj{fnz^-s-t)+st {s^ (27-56 5,/ ) - 64 i f + (27 - 56 5„ ^ ) f 2) 
-8m,'^5vv.2 (6i2 + 16if + 6f2-3mz^ (3f + 2m)) 
+ mz^ (-27 i2f-27if2 + 85,v2M(3f2 + 3fM-2M2)) 
+ ((i + f ) (^2 (-27 + 48 5,,2) + ^ (27 + 88 5„2) f + 3 (-9 + 165v,2) f 2) 
+ mz^ (27 ^2 + (27 - 72 )t^-96 S^^ tu~56 u^)) 

GHe = 12ot, (-8 + u{-9s^ + 9st + 3{-3 + 8 Sj) f 2 + 24 t u + 165h2 u^) 

+ mz^ (-9^2 + (-9 + 165,, 2) f2 + 165,, 2 1 u + 245,, 2 u^) + 8m/5H.2 (mz' + 3 (r + m)) 
+ »j;2 (9 ^2 _ 9 5 f + 9 f 2 _ 24 5v,2 f 2 - 48 5v,2 f m - 32 5v,2 i?-^l6 mz^ S„^{t + u)))v 
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GHi = 2 (24 m,*' Sj^ + mz" (27 ,r + (27 - 48 5,,-) f ^ - 48 Sj- tu~56 S,,' u^) 

- M ( -27 + 27 5 f + 9 ( - 3 + 8 )f + 12 5„ ^ f m + 40 ) - 24 m,"* 5,,^ [mz^ + 3 (f + m) ) 
+ (-27 + 27 i f - 27 r + 72 Sj- f ^ + 144 ^v,^ f « + 88 S^^ + 48 mz^ {t + u)))v^ 

G//8 = 1 6 (24 m,'' 5„ 2 - 24 m,"* 5,,," {mz^ + 2t + 3 u) + ii {(36- 805,/ ) f ^ + 4 (9 - 20 5,,^ ) t u 
+ u [niz^ (36 - 56SJ-) +21 ii- 48 u)) 

+ (9 (2mz^ - 4f - 3 m) m + 165,,' (3 + 8f m + 2m (;7Jz^ + 3u))))v^ 
GH9=4u {s^ (-27 + 48 Sj) + 2 i (-9 + 8 S»^)t -21t^ + 48 5,,^ f ^ 

+ {mz^ ( 1 8 - 40 5„ ^ ) - ( -9 + 8 5„,2 ) (i + f )) - 36 mz^( + 56 mz^ u) 
GHio = 16 (24m,'' 5,,^ - 3 m,"* (mz^ (-9 + 8 5,,^) + 85,,^ (2f + 3 m)) + m (27 + (27 - 805„.2) 

- 805h.^ f m + m (mz' (27 - 565,,^) - 48 u)) 

+ m,2 {-21 + (-27 + 48 S,,^)t^ + 128 5„2 f m + 2 m (mz^ (-27 + 165,,^) + 48 5,,,^ m))) 
G//i 1 = - 8 m, (i^ (27-8 5,,^ ) + 32 5„ ' f + 27 f ^ - 8 5„ ^ f ^ 

+ mr (»Jz^ (-27 + 245,,^) - 165,,^ {s + t))+21 niz^ m + 8 mz^ u) 

(3.63) 



Finally, interference between the SM diagrams with the anomalous one is 
given by 

Process (6) 



dt 1728 7rC„,5v, (m| -s){t- m^) M-y^ A2 

+ 2m,Mv\4,/K.//m(j8,];) + 4mtsi9 + 2S^.^)uvVtdVudRe{l5'^ 

+ m, (9 + 2 Sj) tuvVrd V,d \Re{ri) - Re{f}) 



(3.64) 



where mw is the W boson mass, Vtd and V„f/ are elements of the CKM matrix. 

The other process in table 13.21 are deduct in the following way: processes (4) 
and (5) have expressions very similar to these for process (2), with the substitution 
s ^ t and 5 <-> M, respectively and processes (7) and (8) have expressions very 
similar to these for process (6), with the substitution t ^ u and t ^ s, respectively. 



Cross section expression for the tt FCNC production process 



85 



3.C Cross section expression for the tt FCNC production 
process 



The expression for the tt FCNC cross section is also given by three terms, as 
eq. 13.651 The strong FCNC contribution is given by eq. 13.661 



do do^ do^ do^ 
dt dt dt dt 



da' 



tul 



dt 29l6nCl{s-ml)tus^A^ 

+ FsReia!, af,) + Felm{ai ft^) + F,lm{ai A'*) } (3-66) 

where Fi function are given by 

Fi = 9Cj {%e^ - 3g3^) (niz^ - s) {nit^ + lmf' t + 6mt'^ t"^ + t^u^ -Imi^t'^ {t + Au)) 

- 8 5 (4m,^ + m,^ (-9 + 8 5,,^) f + 6m,^ (-3 + 4S„'^)t'^ +4S„'^ t^ 
+ mi^t'^{{9-%Sj)t + l%u-'ilS„'^u)) 

F2 = (9Cv,2 (8^2 - 3^3^) {mz^ -s)- 32e^ sS„^) {m,^ -tuf 

F3 = 8 (9 Cv/ (8 - 3 ^3^ ) ('Mz^ - s){2mt^ -'init'^ t + mt'^ st + t'^ {Is + t)) 

-4e^s{l6mt^ Sj - 3 m,"* (3 + 8 S,,^ ) t 

+ 2m,2 (45Sv/ - 9t)t + t^ {l6sS,,^ + 9t + SS„'^t + lSu)))v^ 

F4 = -"3 - 4 (54Cv/ ^3^ {mz^ - s) S,,^ (2 m,^ - 3 m,^ t + m,^st + t^{2s + t)) 

+ {nir^ {-IS^Cj mz^ + ^ ( 162 + 288 (- 1 + C^^) S^^ + 128 Sj)) 

- 6mt^ {-72Cj mz^ Sj + s{21 + 36 (- 1 + 2C„^) Sv,^ + 32Sv/)) f 

+ mi^ St (- 144Cv,2 {mz^ - s) Sj- + MsSj' + 8 1 ? - 288 5„.^ ? - 81 m + 1445^.^ u) 
+ 8 5„, 2 f 2 ( - 1 8 Cv,2 (mz^ - 5 ) (2 5 + + ^ ( 1 6 5 + 9 f + 8 5v,^ f + 1 8 m) ) ) ) 
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F5 = 2 {9Cj (8e^ - 3g3^) {niz^ - s) - 32e^sSj) {m,"^ -tu) {nit"^ -Init^t + tu) 

= 8 nit {9C^^ (8 - 3^3^) {niz^ - s) {nit^ + 3 mi^ t^-t^{t + 3u)) 

-4e^s{S 5v,2 -9m,^t + 6 m,^ (-3 + 48,,^) 

+ f2((9-85„2)f + 6(3-45„2)ii)))v 

Fj = -8m, (9C„,2 {Se^ - 3g3^) [mz^ -s)- 32e^sSj) [mi^ - 1) {m,^ -tu)v 

0.61) 

The weak (photon) FCNC contribution is given by eq. 13.681 



+ G5/?^^(a,i O + G(,Im{(^„ 15,1) + Gjlmiai Af ) } (3-68) 
where G, function are given by 

Gi = 2 (9Cw^ (e^ + 3g3^) (wJz^ - s) {mt^ + 2mt^t + 6m,'^t^ + t^u^ -Init^t^ (? + 4m)) 

- 5 {4mt^ Sj + m,^ (-9 + 8 Sj) t + 6m,'^ (-3 + 45^.^) +4S„^ 
+ mt'^t^{{9-SS,,l^)t + l8u-32Sju))) 

G2 = 2 {9Cj {e^ + 3g3^) {mz^ -s)- 4e^sSj) {m,^ - 1 uf 

G3 = 8 (18C„2 {/ + 3g3^) ("iz^ - 5) {2mt^ -3m,'^t + mi^ st + f{2s + t)) 

- e^s{l6m,^S^^ - 3m,'* (3 + %S,,^)t + 2}n,^ i4sS^^ - 9t) t 

^2/i^„c 2 , , oc 2^ , 10 .A\\.,2 



G4 = -^(-432C,,2 ^3^ (mz^ - 5) {2m,^ - 3 m/ 1 + m,^ 5? + (2^ + ?)) 



+ f^(1655„/ + 9f + 8V? + 18M)))v^ 
1 

S~ '- 

+ {nit^ (-288C„,2mz^5v,2 + 5(162 + 288 (-1 +^,2)5,,^ + 1285./)) 

- 6m/ (-72C„,2 mz^ + s{21 + 36{-\+2C„'^)S„'^ + 32Sj))t 

+ m,^st {-\44Cj {mz^ - s) + 64^5,/ + 8 1 f - 288 5,/ ? - 81 w + 1445„,^ u) 

+ 8Sv,2f2(-18Cv/(mz^-5) {2s + t)+s{l6sSj + 9t + 'iS„'^t + l^u))))v^ 
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G5 = 4 {9Cj {e^ + 3g3^) (mz^ - s) - Ae^sSj-) {m,'^ - 1 u) {nit^ - Im,^ t + tu) 
Ge = 8 nit ( 1 8 Cv,^ (e^ + 3 g3^) ("iz^ - s) (wi,^ + 3mi^ t"^ -t^ {t + 'iu)) 

+ e^-s{-Smt''S,,^- + 9mt'^t-6m,^{-3 + 4S„^)t^ 

+ f2 ((-9 + 85,,^) ? + 6 (-3 + 45,,2) m))) V 

Gj = -16m; (9Cv,^ (e^ + 3g3^) ("iz^ - 5) - 4e^55v,^) - 1) [nit'^ -tu)v 

(3.69) 

The weak (Z boson) FCNC contribution is given by eq. 13.701 

^ - 3888.C^K-0(.-m|).3A4 {^^ + + ^3 lAf 1^ + lA^P 

+ //5|r]|' +//6|r]|' +^7|e|' + //8M«.>,f,) +H^hn{al^f,) + H,oRe{ald*) 
+ Hnlm{al^f:) + HnRe{al d) + H,^Re{^U*) + HuRe{l5^ f)*) 

+ //i5Mft^0) +//i67?e(T]f7*)| (3.70) 
where //, function are given by 

Hi = -2 {9Cj {e^ + 3g3^) {mz^ - s) {nit^ + 2mt^ t + 6mt'^ + -Intt^t^ {t + 4u)) 

- e^s{4m,^ 5,/ + m,^ (-9 + 85,/) ? + 6m/ (-3 + 4S„'^) t^+4S^^ 
+ m,'^t'^{{9-%S„'^)t + l%u-'ilSju))) 

H2 = -2 (9Ch2 + 3^3') ('Hz' - s)-4e^sS,,^) (m,4 -tuf 

H3 = -\{-432Cj g-i^ {mz^ - s)Sj {2m,^ -3mt'^ t + mt^ st (2^ + 0) 

+ (m,^ (-288 mz^ + ^ ( 162 + 288 (- 1 + Q..^) ^h-' + 128 Sj^)) 
-6mr^ {-72Q/ mz^ + 5 (27 + 36 ( - 1 +2Cj) Sj + 325,/)) f 
+ m,^st (- 144Cv,/ (mz' - s) 5,/ + 64^5,/ + 81 ? - 288 5,,^ ? - 8 1 m + 144 5h.' u) 
+ iSjt^{-mcJ{mz^-s) {2s + t) + s{l6sSj + 9t + iSjt + mu))))v^ 
H4 = -8(18Ch.2 {e'^ + 3g3^){mz^-s){2mt''-3mt^t + mt^st + t^{2s + t)) 

- e^s{l6mt^Sj - 3m/ (3 + 85,,') t + 2m/ {4s - 9t) t 
+ {l6sSj + 9t + %S^'^t + l%u)))v^ 
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H5 = -— :^-^{{m,'^ + 2m,^t +t'^ -2mz'^ (t + u)) 



1 

X (432Cv„2g3^ {mz^ - s) (3 + t^- m,^ {3 t + u)) 

+ {24mr^Sj {ISCj {mz^-s)+s{l5 -SS„^)) + SSj {ISQ/ (mz^-s) 

+ s{9-SSj))t^ + mt^{-Sls^-U4C„.^mz^Sj{3t + u) 

+ \6sSj{3{-6 + 9Q,:^ + 4S,,^)t + i-9 + 9Cj + 4S,,^)u))))v'^) 

H6 = - ,, ^ {{mt^ + 2mz'^s-2mt^t + t^) 

(432C^2^32 (mz^ - s) S,,^ {3m,^ + t^- [3 t + u)) 

+ (24m,45,,2 (ISCv,.^ {mz^ - s) + s {15 - S^.,^)) + 85,,^ {l^Cj {niz^ - s) 

+ 5 (9 - 8 ) ?2 + 2 ( - 8 1 / - 144C„,2 mz^ S„^{3t + u) 

+ 1655„,2(3(-6 + 9Cv,2 + 45v,2)? + (-9 + 9C„,2 + 45v,2)m))))v2) 

Hi = ^ {ncj {e^ + 3g3^) (mz^ - 3^) + 2mz2 (mz^ - 5) 

+ (emz"^ + (3 ? + m) - mz {3s + 2u))-mt^ {st^ + 2mz'* (f + 3 m) 

+ mz'^{s^ -6su-u^)))+e'^s {tn,^ (9 - 24 5v,^) - 16 mz^ 5,,^ 

+ (-48 niz^ + 6 (-3 + 4S^^)t + 8 S^^ u) + m,^ ((9 - 85^^) t^ 

+ mz^{lSs+l6Sj{t + 3u)))))v^ 
Hs = -4 {9Cj {/ + 3g3^) (mz^ - s)-4e^sSj) {rnf" -tu) {mt^ - 2mt^t + tu) 
Hg = -Smt {ISC J {e^ + 3g3^) {niz^ - s) (m,^ + 3mi^t'^ -t"^ {t + 3u)) 

+ e^s{-%mt^Sy,^ + 9mt^t- 6mi^ (-3 + 4Sj)t'^ 

+ f2((-9 + 8Sv7)f + 6(-3 + 4Sv„2)M)))v 
//lo = -4 ( 1 8 C„,^ (£>2 + 3 g3^ ) {mz^ - s){2mt^ + 3mt^t + tu^ -tut^t {t + 5u)) 

+ s {nit^ (9 - 165v,2) - 6m,^ (-3 + 4S,,^) t-SSjtu^ 

+ mt^t{-9t + SS,,^t-lSu + 405^1^ u)))v^ 
Hu = 16m, {9Cj {e^ + 3g3^) {niz^ -s)- 4e^sSj) {m^ - 1) {lUt^ -tu)v 
Hn = 8 {9Cj {e^ + 3g3^) {mz^ -s)- 4e^sSj) {rut^ - u) {m,^ -tu)v^ 

(3.71) 
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^13 = - (-432C,,2g32 [niz^ - s)sj [mt^ - m,^ {3t + u) + t {t + 2u)) 

+ ( -8 S^^ ( 1 8 {mz^ - s) + s{ll -%S^^)) ( 1 8 {niz^ - s) 
+ s{9-%S„'^))t{t + 2u) + mi^ (8 1 / + \AAC,,^ mz^ S^^ {3t + u) 
-1655„2(3(-6 + 9C„2 + 45.,2)f + (-9 + 9Cv,2 + 45.,2)ii))))v2) 

//i4 = {nit'^-t) (-432C„,2 {mz^ - s) Sj {m,^ - m,^ {3t + u) +t{t + 2u)) 

+ {-Sm,*Sj{lSCj {mz^-s)+s{21 - 85v,^)) - 85,/ {l%Cj {niz^-s) 
+ s(9-^Sj))t{t + 2u) + mt'^{Us^ + U4C„.^ mz^ Sj{3t + u) 
- 16 sS,,^ (3 (-6 + 9C„,2 + 45v,2) f + (-9 + 9Cj + 45.,^) u))))v^ 

Hi5 = -Sm, (18Cv,2 (^2 + 3^32) („j^2 _ ^^^4 ^ ^j^2 (3f + _ f + 4j,)) 

+ e2iK4(9-85v,2)-2m,2(3(-3 + 45.,2)f + 4Sv,^M) 
+ f(-9f + 85H.^?-18M + 325v,^M)))v^ 

^16 = T T— T ('"j"^ + 2 m;^ mz^ -t^-2 niz^ u) 

8mz^S„- 

X (432Cv,2g3^ {mz^ - s)S,,^ (3m, - m,^ (3? + «)) 

+ £■2 (24m,^5v,.2 (18C„2 (mz^ _ 5) +5(15 _ 85,,^)) + 85„,^ (18^^ (mz^ - 

+ 5 (9 - 8 5„ 2) ) f2 + m/ (-81/- 144C,,2 mz^ 5v,^ (3 ? + 

+ 165Sv,^ (3 (-6 + 9Cv,.^ + 4S„2)f + (-9 + 9Ch2 + 4Sw^)m)))) v2 

(3.72) 



4 

Lepton flavour violating processes in the 
effective Lagrangian approach 



In the previous chapter we studied the dimension six operators responsible 
for the flavour violations in the production of the top quark. In the leptonic sector 
this study has some features that distinguish and somewhat simplify the hadronic 
sector. The first aspect concerns the experimental evidence. The neutrinos oscil- 
lation gives us evidence that neutrinos have nonzero mass and, in this case, the 
flavour violation in the chai^ged leptonic becomes reality. On the other hand, there 
is no evidence about this violation between the charged leptons. In fact, we have 
many experimental results which set stringent limits on the extent of flavour viola- 
tion that may occur. Because of the very tiny neutrino mass expected, the flavour 
violation between charged lepton must be much suppressed. Nevertheless, even 
with all known experimental constraints it is possible that signal of LFV may be 
observed at the ILC, as we will see, tacking advantage of the large luminosities 
planned. Even without ILC functioning the lepton collider great luminosity and 
the signal's simplicity gives us stringent limits for LFV and great possibilities of 
obtaining even more stringent Umits. 

We will now deal with LFV in a very similar way to what we have done in the 
production of quark top with FCNC. 
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4.1 FLV effective operators 



We are interested in those ^^^^ operators that give rise to LFV. Throughout 
this we will use 4 to represent a heavy lepton and // denotes a light one (whose 
mass we consider zero). In processes where a tau lepton is present, both the muon 
and the electron will be taken to be massless. If a given process only involves 
muons and electrons, then the electron mass will be set to zero, but the muon mass 
will be kept. Whenever the lepton's mass has no bearing on the result we will use 
/ for all massless leptons, and drop the generation index. 

The effective operators that will be important for our studies fall in three cat- 
egories: 

1. those that generate flavour- violating vertices of the form Z//, // and ylh h (and 
also, for some operators, vertices like yylh h)', these operators always involve 
gauge fields, either explicitly or in the form of covariant derivatives; 

2. four-fermion operators, involving only leptonic spinors; 

3. and a type of operator that involves only scalar and fermionic fields that will 
roughly correspond to a wave function renormalization of the fermion fields. 

4.1.1 Effective operators generating ZZ/, // and 74 h vertices 

There are five tree-level dimension 6 effective operators that can generate a 
new Z //, /; interaction. This means that these interactions ai^e compatible with SM 
symmetries at tree level. Again following the notations of [9] we write the first two 
operators as 

^5^ = ^ (d^44)d^(^. (4.1) 

The coefficients '7,^^^'' are complex dimensionless couplings and the are flavour 
indices. For flavour violation to occur, these indices must differ. £^ is a left-handed 
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SU{2)l doublet, ej^ is a right-handed U{1)y singlet, is the Higgs scalar SU{2) 
doublet. There is no 7//, // interaction stemming from these terms, although one 
may obtain contributions to vertices involving also a Higgs field, such as y^hh 
and Z(j)lhli. 

The remaining three operators that contribute to the vertices Z //, // but not to 
ylhli are given by 



4? = {<P'D,Zj<^) [^ir'^'i) ■ (4-2) 



Again, dj] and are complex dimensionless couplings, and the contributions 

to ZliJi arise when both scalar fields acquire a vev v. Because the covariant deriva- 
tives act on those same fields and the SM Higgs has no coupling to the photon, 
there are no contributions to 7//, // from these operators. There are however five 
dimension six operators that contribute to both the Zlkk and 7//, // vertices and are 
only present at the one-loop level. They are given by 



A 



w 



^ew^ = ^ [ii o^^ei) ^ Kv ■ (4.3) 

aij and j3,y are complex dimensionless couplings, B^v and W^^ are the usual U{1)y 
and SU {2)i field tensors, respectively. These tensors "contain" both the photon and 
Z boson fields, through the well-known Weinberg rotation. Thus they contribute 
to both Z //, // and ylh h when we consider the partial derivative of in the equa- 
tions (14.31) or when we replace the Higgs field ^ by its vev v in them. We will return 
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to this point in section IT. 2.11 



4.1.2 Four-Fermion effective operators producing an eelkh contact 
interaction 

Because we are specifically interested in studying the phenomenology of the 
ILC, we will only consider four-fermion operators where two of the spinors in- 
volved correspond to the colliding electrons/positrons of that collider. Another 
spinor will correspond to a heavy lepton, //,. There aie four relevant types of four- 
fermion operators that contribute to — > 

Gie = (iLeR) {eRit) . (4.4) 

Again, all couplings in these operators are, in general, complex. As we have done 
with the previous operators, we should now consider all possible "placements" of 
the //, spinor, and consider different couplings for each of them. But that would 
lead to an unmanageable number of fermionic operators, all with the same Lorentz 
structure but differing simply in the location of the heavy lepton spinor. Thus we 
will simplify our approach and define only one coupling constant for each type 
of operator. An exception is the operator = K(e {Il^r) {crIl), which corre- 
sponds to an interaction between a right-handed cuiTcnt and a left-handed one. 
Depending on where we place the //, spinor, then, we might have two different ef- 
fective operators. For example, if we consider the operators that would contribute 
to e^, the two possibilities are 



Gre = K^e (^I YReR) {cr 71^1) , 



(4.5) 



FLV effective operators 



95 



where P and are the leptonic doublets from the first and third generations, re- 
spectively. As we see, we find two different Lorentz structures depending on where 
we "insert" the T spinor. Therefore we define two different couplings, each coitc- 
sponding to the two possible flavour-violating interactions. 

It will be simpler, however, to parameterize the four-fermion effective La- 
grangian built with the operators above in the manner of ref. [68]. For the e^e^lhk 
interaction, we have 



The vector-like (Vij) and scalar-like (S,y) couplings may be expressed in terms of 
the coefficients of the four four-fermion operators written in eq. (14.41 ) Q in the fol- 
lowing manner: 



1 

Vlr = 0, 
Vrl = 0, 
Srr = 0, 
Sll = 0, 

SlR = Kfe, 

Srl = 4- (4-7) 



The tensor operators were eliminated using Fierz transformations. A tensor exchange can thus 
be hidden in the vector and scalar operators 



(4.6) 



i,j=Lfi L 
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4.1.3 Effective operators generating an //, // mixing 

There is a special kind of interaction that conesponds to a wave-function 
renormalization, which has its origin in the operator 



where 5,y are complex dimensionless couplings. After spontaneous symmetry 
breaking the neutral component of the field (p acquires a vev (0o —>■ 0o + v, with 
V = 246 / \/2 GeV) and a dimension three operator is generated which is a flavour 
violating self-energy hke term. In other words, it mixes, at the level of the propa- 
gator, the leptons of different families. We consider these operators here for com- 
pleteness, even though we will show that they have no impact in the phenomenol- 
ogy whatsoever. 

4.2 The complete Lagrangian 



The complete effective Lagrangian can now be written as a function of the 
operators defined in the previous section 



This Lagrangian describes new vertices of the form jlkh, Zluk, eelhh, hh (and 
many others) and all of their charge conjugate vertices. We will also consider an 
analogous Lagrangian with flavour indices exchanged - in other words, we will 
consider couplings of the form T]/,/ and T]//,, for instance - except for the four- 
fermion Lagrangian, as was explained in the previous section. Rather than write 
the Feynman rules for these anomalous vertices and start the calculation of all LFV 
decay widths and cross sections, we shall use all experimental and theoretical con- 
straints to reduce as much as possible the number of independent couplings. After 
imposing these constraints we will write the Feynman rules for the remaining La- 
grangian and proceed with the calculation. 




(4.8) 



Get^ + + + + G,B^ + G.^ff^ + h.c. . 



(4.9) 
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4.2.1 The constraints from //, —>liy 



Some of the operators presented in the previous section can be immediately 
discarded due to the very stringent experimental bounds which exist for the decays 
T— >/X7, T— >e7 and pL ^ ey. The argument is as follows: all the operators in 
eqs. (14.31 ) contribute to both 7//, // and Z//, // interactions, due to the presence of the 
gauge fields and in the field tensors B^y and W^y that compose them. Then 
we can write, for instance, an operator given by 

^^y= {^'lY^ F^, (4.10) 

where F^y is the usual electromagnetic tensor. This operator was constructed from 
both and ^£w> and the new effective coupling ajj^ is related to ajj^ and ajj^ 
through the Weinberg angle dw by 

ajf = cos dwafj^- sin dwa]J^ . (4.11) 

Following the same exact procedure we can also obtain an operator i^tz, with cou- 
pling constant given by 

afj^ = - sin dwafj^- cos dwa^^ . (4.12) 

New operators with photon and Z interactions appear from the remaining terms, 
with coupling constants given by 

ajf = cosdwafj'^ af^^ = -sindwafj'^ 

Af = cos^Av Af = -sin%A7 

j8,f = cos%A^-sin%A7 Af = -sin%A§-cos%Ay . (4.13) 



It is a simple matter to obtain the Feynman rules for the 7//, // interactions from 
the Lagrangian. In figure |4~T] we present the Feynman diagrams for the decay jJ. 
ej (in fact, for any decay of the type //, — > lif) with vertices containing the effective 
couplings a, j3 and 5. Interestingly, the 5 contributions cancel out, already at the 
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Figure 4.1: fl —> ey with effective anomalous vertices involving the couplings 
a, /3 and d. 



level of the amplitud^ The calculation of the remaining diagram is quite simple 
and gives us the following expression for the width of the anomalous decay Ih ^ky 
in terms of the a and j3 couplings: 



nh ^ hy) 



ml 



-^(i«r+<?+i«.f+«rp)+i6v^(iAip+iA];i') 



647rA4 



(4.14) 



So, for the decay ]X — > ey, using the data from [13], we get (with A expressed in 
TeV) 



BR(jU ey) 



0.22 



(|< + + K + <* I') +4.3 X lO^d^/^p + 



+ 1.3x 10^Im(a;:f/3^^,-<^;:-<j8/; + </3i) 



(4.15) 



Now, all decays //, — > /// are severely constrained by experiment, especially in the 
case of jj. ^ ey but also in T — > and T — > /17. To obtain a crude constraint on the 
couplings, we can use the experimental constraint BR(/i ey) < 1.2 x 10^'^ [13] 
and set all couplings but one to zero. With this procedure we get the approximate 
bound 



a, 



yL,R, 
'ejl I 

"a^ 



< 7.4 X 10"^ TeV"2 



(4.16) 



This cancellation occurs even if we consider the case where all the leptons have masses. 
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and identical bounds for the ot^e'^ couplings. The constraints on the /3 constants 
are roughly four orders of magnitude smaller. Using the same procedure for the 
two remaining LFV processes we get 



' ' < 1.6 X 10'^ TeV"^ 



A2 

7L,i?| 



a, 



< 1.3 X 10"-^ TeV"2 



with the j8 couplings even more constrained in their values. 



(4.17) 
(4.18) 



The experimental bounds on the various branching ratios are so stringent that 
they pretty much curtail any possibility of these anomalous operators having any 
observable effect on any experiences performed at the ILC. To see this, let us con- 
sider the flavour-violating reaction 77 — > //,//, which in principle could occur at 
the ILC [17]. There are five Feynman diagrams (figure l4~2l) involving the {a , j8} 
couplings that contribute to this process. There are also three diagrams involving 



7^AAAi 






Figure 4.2: Feynman diagrams for the 77 fl^ e process. 



the 5 couplings of eq. (14.81 ). but their contributions (once again) cancel at the level 
of the amplitude. The calculation of the cross section for this process is laborious 
but unremarkable. The end result, however, is extremely interesting. The cross 
section is found to be 



do{yy hk) 4naFyy 



m^liY) , (4.19) 
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with a function Fyy given by 

Fyy= m]^{t + u) - \2mltu + ml{t + u){t^ + I3tu + u^)-mltu{lt^ +2Atu + lu^ 
+ \2mlt^u^{t + u)-6t'u^ . (4.20) 

The remarkable thing about eq. ( I4.19I ) is the proportionality of the (differential) 
cross section to the width of the anomalous decay //, — > // 7, which is to say (mod- 
ulus the total width of //,, which is well known), to its branching ratio. A similar 
result had been obtained for gluonic flavour-changing vertices in refs. [6,7]. Be- 
cause the allowed branching ratios for the h — > Z/ / are so constrained, the predicted 
cross sections for the ILC are extremely small. We have 

a(77 ^ e+) 10"^ X BR(/i ey) pb 
a(77 ~ 10"^ X BR(t pij) pb 

a(77 T"e+) ~ 10"^ x BR(t ey) pb , (4.21) 

with = 1 TeV. With the current branching ratios of the order of 10^^^ for the 
muon decay and 10^' for the tau ones, it becomes obvious that these reactions 
would have unobservable cross sections. 

Our conclusion is thus that the ajj and j3,^ couplings are too small to produce 
observable signals in foreseeable collider experiments. However, both {olJj, ^Jj} 
and {afj, j3,^} are written in terms of the original {afj^, ^fj^} couplings, via 
coefficients (sine and cosine of 01^) of order 1. Hence, unless there was some 
bizarre unnatural cancellation, the couplings {7, Z} and {B, W} should be of the 
same order of magnitude. Since we have no reason to assume such a cancellation, 
we come to the conclusion that the a and j3 couplings are simply too small to be 
considered interesting. They will have no bearing whatsoever on anomalous LFV 
interactions mediated by the Z boson. From now on, we will simply consider them 
to be zero, which means that there will not be any anomalous vertices of the form 



The complete Lagrangian 



101 



4.2.2 A set of free parameters 



In the previous section we have presented the complete set of operators that 
give contributions to the flavour violating processes e^e'' l^li. However, these 
operators are not, a priori, all independent. It can be shown that (see refs. [6, 8, 
9, 69] for details), for instance, there is a relation between operators of the types 
ffeB^ and and some of the four-fermion operators, modulo a total derivative. 
These relations between operators appear- when one uses the fermionic equations 
of motion, along with integration by parts. They could be used to discard operators 
whose coupling constants are a and j8 , or some of the four-fermion operators. We 
used this argument to present the results in refs. [6-8] in a more simplified fashion. 
However, in the present circumstances, we already discarded the a and j8 operators 
due to the size of their contributions to physical processes being extremely limited 
by the existing bounds on flavour-violating leptonic decays with a photon. Since 
we already threw away these two sets of operators, we ai^e not entitled to use the 
equations of motion to attempt to eliminate another. 

Notice also that in most of the work that was done with the effective La- 
grangian approach one replaces, at the level of the amplitude, operators of the type 

by operators of the type ^ez^ by using Gordon identities. In fact, it can be 
shown that the following relation holds for free fermionic fields. 



Notice that the use of Gordon identities is not the same thing as using the field's 
equations of motion to eliminate operators: in the latter case, one proves that differ- 
ent operators are related to one another and use those conditions to choose among 
them; in the former, all we ai^e doing is rewriting the amplitude in a different form. 
And in our case, this procedure does not bring any simplification. 

Finally, using the equations of motion, a relation can be established between 
operators and , namely 





(4.22) 



^D, + &D, + {heR) TleRiL + TuqieuR + TldRgL =0 



(4.23) 
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where the Fg coefficients are the leptonic Yukawa couplings and e the bidimen- 
sional Levi-Civita tensor. We see that the relationship between these two operators 
involves four-fermion terms as well. This relation means we can choose between 
one of the two operators i^/)^ and , given that the four-fermion operators ap- 
pearing in this expression have already been considered by us. This means that 
only one of the rjfj and rjfj couplings will appear in the calculation. We chose the 
first one and will drop, from this point onwards, the superscript "R". Also, after 
expanding the operators of eq. (14.21 ). we see that the 6 couplings always appear in 
the same combinations. We therefore define two new couplings, Or and di, as 

dR = d§, + d§*, (4.24) 

0, = 0^(n0;:;*')*-0f)-e;f)*. (4.25) 



4.3 Decay widths 



As we said before, all LFV processes are severely constrained by experimental 
data. Now that we have settled on a set of anomalous effective operators, we should 
first consider what is the effect of those operators on leptonic LFV decays. The 
existing data severely constrains two types of decay: a heavy lepton decaying into 
three light ones, //, III, such as — > e^, and decays of the Z boson to 
two different leptons, Z ^ luh (such as Z ^ T+e^). Flavour- violating processes 
involving neutrinos in the final state (such as, say, Z — > Vg) are not constrained 
by experimental data, as they are indistinguishable from the "normal" processes. 

For the 3-lepton decay, there are three distinct contributions, whose Feynman 
diagrams are shown in figure 1431 for the particular case of pL^ — > . As 

before, the contributions involving the 8 operators cancel at the level of the am- 
plitude and have absolutely no effect on the physics. Using the Feynman rules in 
figure l4!4] and the four-fermion Lagrangian we can determine the expression for the 
decay //, — > ///. Remember that / stands for a massless lepton whatever its flavour 
is. The decay width obtained is the sum of three terms, to wit 

T{lh ^ III) = T,f{lh ^lll)+ Tzih -^lll)+ Tintih ^lll) , (4.26) 



Decay widths 



103 




Figure 4.3: Feynman diagrams for the decay /x ^ e e+ e . 



e\ + la) + y 7cv(6'l 7t + Or 1r)] 



TP 



[SlhlR + S'mIl] 



Figure 4.4: Feynman rules for anomalous Z//, /; and // //, vertices. 
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where contains the contributions from the four-fermion graph in figure 1431 Fz 
those from the Feynman diagram with a Z boson and F„„ the interference between 
both diagrams. A simple calculation yields 

Ufih -^111) = ^Y^^^ [\SlR? + \SRL\'+mLL? + \Vrr\^ 

+Yo^[(|r]//,P + |r]„/P)M,2 + 6(|0,|2 + |0«P)v2]| 



.,2.„5 



^int{h III) 



768M27r3A4 



+ {gy -gA)Rc {OA) I - ^ (^1 + ^) I (g^, + g^) Re {^^l„V*,) 



+ {gv -gA)Re{rihiyLL) 



(4.27) 



where 



gv = - . ^ ^ ^ f-^ + sin^y (4.28) 
sm dw cos dw \ 4 J 

8A = -T-T-^ H- (4-29) 

4sm cos tV 

and e is the elementary electric chai^ge. An important remark about these results: 
they are not, in fact, the exact expressions for the decay widths. The full expres- 
sions for Tz{lh — > III) and Tint{lh — > HI) are actually the sum of a logarithmic 
term and a polynomial one. However, it so happens that the first four terms of the 
Taylor expansion of the logarithm in rtih/M^ cancel the polynomial exactly. The 
expressions of eq. (14.271 ) are therefore the first surviving terms of that Taylor ex- 
pansion, and constitute an excellent approximation to the exact result, and one that 
is much easier to deal with numerically (the cancellation mentioned poses a real 
problem in numerical calculations). 



As for the LFV decays of the Z-boson, there is an extensive literature on this 
subject [14]. There are, of course, no four-fermion contributions to this decay 
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width, and a simple calculation provides us the following expression: 

+ 4(m^ + 2M2)v2(|0i|2 + |0s|2)+ 4m^(m^-M2)vRe(0LT]w + 0«T];j] . 

(4.30) 



4.4 Cross Sections 



In this section we will present expressions for the cross sections of various 
LFV processes that may occur at the ILC. There are three such processes, namely: 

1. e^e^ IJ-^e^; 

2. e^e^ T^e+; 

3. e+e" 

The respective charge-conjugates must be included, as well. We have calculated 
all cross sections keeping both final state masses. However, given the energies in- 
volved, the contributions to the cross sections which arise from the lepton masses 
are extremely small, and setting them to zero is an excellent approximation. We 
thus present all formulae with zero leptonic masses, as they are much simpler than 
the complete expressions. In figures 14.51 and 14.61 we present all diagrams that con- 
tribute to the process e^e^ jX^e^. A brief word about our conventions. There 




Figure 4.5: Feynman diagrams describing the process e+e fl e 
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are two types of LFV production cross sections, corresponding to different sets of 
Feynman diagrams. In the case of process (1), we see from figures 1431 and 1431 
that the reaction can proceed through both a f-channel and an ^-channel - this is 




Figure 4.6: Interpretation of the four-fermion terms contributing to the process 
e+e^ fl^e^ in terms of currents; notice the analog of a ? channel and an s 
one. 



obvious for the diagrams involving the exchange of a photon or a Z boson. For the 
four-fermion channels less so, but figure 14.61 illustrates the t and ^-channel anal- 
ogy. Depending on the "location" of the incoming electron spinor in the operators 
of eq. (14.41) . we can interpret those operators as two fermionic currents interacting 
with one another, that interaction is obviously analog to the two different channels. 
Process (2) has diagrams identical to those of process (1). Process (3), however, 
can only occur through the s channel - that is obvious once one realizes that for 
process (3) there is no positron in the final state. In fact for process (3) there are 
only "s-channel" contributions from the four-fermion operators. 

A simple way of condensing the different four-fermion cross sections into a 
single expression is to adopt the following convention: we will include indices "s" 
and "t" in the four-fermion coupUngs. If we are interested in the cross sections for 
processes (1) and (2) - which occur through both s and t channels - then all "s" 
couplings will be equal to the "t" ones. If we wish to obtain the cross section for 
process (3) (which only has s channels) we must simply set all couplings with a 
"t" index to zero. We have further considered the likely possibility that in the ILC 
one may be able to polarize the beams of incoming electrons and positrons [70]. 
Thus, Gij represents the polarized cross section for an / polarized electron and a 
J polarized positron, with {/ , /} = {R, L} - that is, beams with a right-handed 
polarization or a left-handed one. The explicit expressions for the four-fermion 
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dOLL 


1 


dt 


167152^^4 


dORR 


1 


dt 


1 671^2 A4 


dOiR 


1 


dt 


1 671^2 A4 


dORL 


1 


dt 


1671^2^4 



differential cross sections are then given by 

[^Ay[L+yLL\^+t\^\v[R\^+\s'RA')] 
[^AyRR+y'RR\^+tMyk\^+\s'LR\^)] 
[u^\s'LL+sw\'+sMykL\'+\siR?)\ 

[u^\S'rr + S'rr? + s\4\V[r\' + \S%j}^)] (4.31) 

See Appendix I4.BI for the full calculation. The unpolarized cross section is ob- 
viously the averaged sum over the four terms of eq. (14.311) . To re-emphasize, the 
four-fermion cross section for processes (1) and (2) is obtained from this expression 
by setting all "s" couplings equal to the "t" ones; and to obtain the cross section for 
process (3) one must simply set all "t" couplings to zero. The total cross sections 
for each of the processes are then given by 

a^^\e-e+ ^T-^+)= a^ + aif + aj^J , (4.32) 

where Oz is the cross section involving only the anomalous Z interactions of fig- 
ure |4!4l 04/ the four-fermion cross section - whose calculation we already ex- 
plained - and Gint the interference between both of these. The 5 couplings also 
present in figure 14.41 end up not contributing at all to the physical cross sections, 
once again. For completeness, then, the remaining terms in the differential cross 
section for processes (1) and (2) ai^e given by 

d4'''^ _ 



dt ^2tzA!^{mI-s) s^{Ml-t) 

XV^ [Fi{gA,gv)\eL\^+Fl{gA,-gv)\eR\^] + F2{gA,gv)\^lh? +F2{gA,-gv)\^hl 

(4.33) 



2 
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with 



Fi{gA,gv)=2{ iu+gv? [st {2M^ + 1uMI + s^ + t^) - uMj {uM^ + 2/ + 2t^)] 

+ 2{gl+ gl)u +s^) + {gA- gvfsu^t] 
F2{gA,gv) = -tus [{gl+gl){'iM'^^+3uMl + s^ + t^ + st) 

+lgA gv {Ml - s) {Ml -t)] . (4.34) 

The interference term is given by 



(1,2) 



dt 16 TT A4 {Ml - s) {Ml - 1) 

?ARe(0LSi«-0RS;j+^yRe(0L52« + 0«5^J) [st + {-Ml + s + t) u) 

+ 4 (gA - gv) {s + "Re [SlVIl) - 4 feA + gv) {s + 1) wRe (0Ry;«) 

(4.35) 

For process (3), we have 



do. 



(3) 



[{gl+gl){ltu-s')m'' + \dR\^) 



+ lgAgvs{t-u){\dL\^ -\dR\^)] -{gl+gl)tus{\r]hi\^ + \r]ih\ 



(4.36) 



and finally, the interference terms are 



do. 



(3) 



{s + t)uv^ 



dt 8 7rA4 (M2-5) ^2 



{gv - gA)Re {GlVIi) + {gv + gA) Re {SrV^j,) 

(4.37) 



At this point we must remark on the different energy behavior that these various 
terms have. Once integrated in t, the four-fermion terms grow linearly with s, 
whereas those arising from the anomalous Z couplings have a much smoother evo- 
lution with s - whereas the first ones diverge as 5 ^ oo, the second ones tend to 
zero. See Appendix l4.Bl for the expressions of the integrated cross sections. This 
could be interpreted as a clear dominance of the four-fermion terms over the re- 
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maining anomalous couplings. However, we must remember that we are working 
in a non-renormalizable formalism. We know, from the beginning, that these oper- 
ators only offer a reasonable description of high-energy physics up to a given scale, 
of the order of A. The dominance of the four-fermion cross section must therefore 
be carefully considered - it may simply happen, as there is nothing preventing it, 
that the four-fermion couplings of eq. (14.41 ) are much smaller in size than the Z 
boson ones of figure 1441 

As we saw, the 5 couplings end up not contributing to either decay widths or 
cross sections (and this is true regardless of whether the light leptons are considered 
massless or not). As we mentioned before, their inclusion could be interpreted 
as an on-shell renormalization of the leptonic propagators. On that light, their 
cancellation suggests that the effective operator formalism is equivalent to an on- 
shell renormalization scheme. This is further supported by the fact that the list 
of effective operators of ref. [9] was obtained by using the fields' equations of 
motion to simplify several terms. However, we must mention that at least in some 
Feynman diagrams (some of those contributing to 77 — > //, for instance), the "5- 
insertions" were made in internal fermionic lines, so that this cancellation is not 
altogether obvious. 

4.4.1 Asymmetries 

In a colhder with polarized beams, asymmetries can play a major role in the 
determination of flavour violating couplings. A great advantage of using these 
observables is that, as will soon become obvious, all dependence on the scale of 
unknown physics. A, vanishes due to their definition. There is a strong possibil- 
ity that the ILC could have both beams polarized, therefore allowing a number of 
different possibilities for the polarization of each beam, and consequently for the 
asymmetries that could be measured. For a more detailed study see [70]. A partic- 
ulary appealing situation is found when the contributions from the Z boson anoma- 
lous couplings ai^e not significant when compared with the four-fermion ones. In 
this case the study of asymmetries would allow us, in principle, to determine each 
four-fermion coupling individually. We will now concentrate on one of the most 
feasible scenarios, which is to have a polarized electron beam and an unpolarized 
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positron beam. We will take both the right-handed and left-handed polarizations to 
be 100%, which is obviously what is expected to occur (recent studies show that a 
90 % polarization is attainable) [70]. The differential cross sections for left-handed 
{Pg- = — 1) and right-handed (P^- = +1) polarized electrons are 



dt 1 671^2 A4 

d(jR 1 

~dr ~ 1671^2^4 



{4u'm^ + V;,j,\^ + t'\SU^ + s^\S-^^\^) . (4.38) 



Two forward-backward asymmetries for the left-handed and right-handed polar- 
ized cross sections can now be defined as 

^FB,L(R) ~ (4.3y) 

Ol{R) 

and we can also define a left-right asymmetry, given by 
Ol - Or 



Ol + Or 



(4.40) 



where Oi(^r^ is the total cross section for a left-handed (right-handed) polarized 
electron beam. Note that we have assumed that the polarization of the final state 
particles is not measured. Otherwise we could get even more information by build- 
ing an asymmetry related to the measured final state polarizations. Using the ex- 
pressions on Appendix l4.Bl it is simple to find, for these asymmetries, the following 
expressions: 

16|^, + V/J2 + 4|5^j2 + i2|5i«P ^ 

and 

A ^mR+vk\'-^\s'LR\' ,442. 

I6|y,^, + yi,|2+4|5i,p + i2|s^j2- ) 

Finally, the left-right asymmetry reads 



\VIl + VLl\'-Kr + Vrr\' + \S'rl\^-\S'lr\' + H\SU-\S%l\') 

\viL + vL\' + KR + vi,R\^ + \s'^L\' + \siR\' + H\siR\' + \sw\')' 

(4.43) 
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which has no dependence on A. Notice that all of these expressions assume an 
unpolarized positron beam, and a completely polarized electron beam, either left- 
or right-handed. If the electron beam is not perfectly polarized, but instead has a 
percentage of polarization , we can still write 



with Go = {Gl + Gr)/4. So if in reality we only have access at the ILC to beams 
with +80 % (- 80 %) polarization we could still use them to determine Gq and 
Alr. If we had access to a positron polarized beam, we could then write a similar 
expression for the cross section obtained from the polarized positrons. Notice that 
Alr would be different - the indices left and right would then refer to the positron 
and not to the electron. 

The most interesting possibility is, of course, when both beams are polarized, 
with different percentages, Pg and Pg+ . We could then perform experiments where 
the four different combinations of beam polarizations were used. The resulting 
cross section would be 



As such, we would be able to determine Grr, Gll, Grl and Glr - and consequently 
each of the four four-fermion couphngs, Vll, Vrr, Srl and Sir- 



4.5 Results and Discussion 



In the previous sections we computed cross sections and decay widths for 
several flavour-violating processes. We will now consider the possibility of their 
observation at the ILC. To do so we will use one set of the proposed pai^ame- 
ters [70] for the ILC, i.e., a center-of mass energy of = 1 TeV and an integrated 
luminosity of ^ = 1 ab^'. At this point we remark that, other than the exper- 
imental constraints on the flavour-violating decay widths computed in sec. 12.31 



Gp^_ = Go[l-Pe-ALR] 



(4.44) 




{l+Pe-){l-Pe^)ORL + {l-Pe-){l+Pe^)OLR 



(4.45) 
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(see table 12.31 in the page l20l) . we have no bounds on the values of the anoma- 
lous couplings. The range of values chosen for each of the coupling constants was 
10^^ < ja/A^I < 10^^ where a stands for a generic coupling and A is in TeV. For 
a 1 the scale of new physics can be as large as 100 TeV. This means that if the 
scale for LFV is much larger than 100 TeV, it wiU not be probed at the ILC unless 
the values of coupling constants are unusually large. The asymmetry plots are not 
affected by this choice as explain before. 

We will therefore generate random values for all anomalous couplings (four- 
fermion and Z alike), and discard those combinations of values of the couphngs for 
which the several branching ratios we computed earlier are larger than the corre- 
sponding experimental upper bounds from table 12. 3 1 This procedure allows for the 
possibility that one set of anomalous couplings (the Z or four-fermion ones) might 
be much larger than the other. When an acceptable combination of values is found, 
it is used in expressions (14.311) - (14.371 ) to compute the value of the flavour- violating 
cross section. In figure 14.71 we plot the number of events expected at the ILC for 
the process — > T^e+, in terms of the branching ratio BR(Z — > xe). To ob- 
tain the points shown in this graph, we demanded that the values of the effective 
couplings were such that all of the branching ratios for the decays of the T lepton 
into three light leptons and BR(Z — > TjLt) were smaller than the experimental up- 
per bounds on those quantities shown in table [23] We observe that, even for fairly 
small values of the T flavour- violating decays (10^^ — 10^^), there is the possibility 
of a large number of events for the anomalous cross section. 

By following the opposite procedure - requiring first that the branching ra- 
tios BR(Z ^ xe) and BR(Z — > T/i) be according to the experimental values, and 
letting BR(t III) free, where / is either an electron or a muon - we obtain the 
plot shown in figure [48] This time we analyse the process —>■ jJ.^, but 

a similar plot is found for The number of events rises sharply 

with increasing branching ratio of T into three leptons. It is possible to discern 
a thin "band" of events in the middle of points of figure 14.81 rising linearly with 
BR(t —>■ III). This "band" corresponds to events for which the four-fermion cou- 
plings are dominant over Z events. In that case, they dominate both BR(t III) 
and a(e+e^ jJ,^), and the larger one is, the larger the other will be - which 

explains the linear growth of this subset of points in the plot of figure lTSl This "iso- 
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BR(T ^111) 

Figure 4.8: Number of expected events at the ILC for the reaction e+ 

, with a center-of-mass energy of 1 TeV and a total luminosity of 1 ab 
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lated" contribution from the four-fermion terms is not visible in figure 1477] since the 
branching ratios of the Z decays are independent of those same couplings. Finally 
and for completeness, in figure l4!9l we show the values of the asymmetry coefficient 




BR(t^. 1 1 I) 

Figure 4.9: AfB,R asymmetry for the process e+e^ /x+ versus BR{t 

III) 



Afb,r defined in (14.421 ). for the process e+e^ — > T^/x+, versus the three-lepton 
decay of the T. A similar plot is obtained for the asymmetry Afb.l- We observe a 
fairly uniform dependence on the branching ratio BR{x — > ///), which is to say, on 
the values of the four-fermion couplings. 

Finally, we also considered another possible process of LFV, namely ye^ 
jj. Z. There are three Feynman diagrams contributing to this process, according 
the figure 14.101 one of which involving a quartic vertex which emerges from the 
effective operators of eqs. (14.1b and (14.21) . This process might occur at the ILC, if 
we consider the almost-collinear photons emitted by the colliding leptons, well de- 
scribed by the so-called equivalent photon approximation (EPA) [71]. An estimate 
of the cross section for this process, however, showed it to be much lower than the 
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remaining ones we considered in this thesis. This is due to the EPA introducing an 
extra electromagnetic coupling constant into the cross section, and also to the fact 
that the final state of this process includes at least three particles (one of the beam 
particles "survives" the interaction) - thus there is, compared to the other processes 
which have only leptons in the final state, an additional phase space suppression. 
Notice, however, that an optional upgrade for the ILC is to have e y collisions, with 
center-of-mass energies and luminosities similar to those of the e+ mode, so this 
cross section might become important. 

The flavour-violating channels are experimentally interesting, as they present 
a final state with an extremely clear signal, which can be easily identified. The 
argument is that the final state will always present two very energetic leptons of 
different flavour, more to the point, an electron and a muon. LFV can be seen in 
one of the three channels — > pL^ , — > T^e+, — > T^jU^, and 
charge conjugate channels. The first channel is the best one, with the two leptons 
back to back and almost free of backgrounds. For the other production processes, 
we may "select" the decays of the tau that best suit our purposes: for the second we 
should take the tau decay ^ /x^v^Vt, and for the third process, e^v^v^. 
The branching ratios for both of these tau decays are around 17%, so the loss 
of signal is affordable. The conclusion is that, for every lepton flavour-violating 
process, one can always end up with a final state with an electron and a muon. If 
the ILC detectors have superb detection performances for these particles, then the 
odds of observing violation of the leptonic number at the ILC, if those processes 
do exist, seem reasonable. 



e 




Figure 4.10: Feynaman diagrams to e y ^ fl Z. 



Clearly, our prediction that significant numbers of anomalous events may be 
produced at the ILC needs to be further investigated including the effects of a real 
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detector. Notice also that due to beamstrahlung effects which reduce the effective 
beam energy, the total LFVevent rates might be reduced, specially in the case of 
the four-fermion cross sections, which increase with s. Also, one must take into ac- 
count the many different backgrounds that could mask our signal. And the fact that, 
even in the best case scenario, only a few thousand events are produced with an in- 
tegrated luminosity of 1 ab^^ , could limit the signal-to-background ratio. We can 
show that with some very simple cuts most of the background can be eliminated. 
Because of the weaker experimental constraints on processes involving T leptons, 
the most promising LFV reactions at the linear collider are pL e and /i T produc- 
tion. For illustrative purposes we will study the backgrounds to the LFV process 
e+e^ T+e^ }JL^ V^Vx- The main source of background to this process are 
pL^ e^v^Ve and ^ t+t^ ^ pL^ V^VeV^V^. The cross section to 
the background process jJ.^ v^Vg was calculated using WPHACT [72] 

and confirmed using RACOONWW [73]. The cross section for the remaining 
background was evaluated using PYTHIA [74]. In —>■ jJ.^ v^Vt 

the electron is produced in a two body final state. Therefore its energy is ap- 
proximately half of the center-of-mass energy. Furthermore, if de is the angle be- 
tween the electron and the beam, then the transverse momentum of the electron is 
Pt = sin de- This means that a cut in de implies a cut in px- The main con- 
tribution to this cross section comes from the fourfermion interaction. There are 
no propagators involved and consequently the dependence in de (and in pj) is very 
mild. This can be seen from the expression 14.531 in the Appendix I4.AI Making 
all coupling constants Vij and Sij equal, it can be shown that a 10° cut will reduce 
the cross section by 2% while a 60° cut will reduce it only by 58%. In Table |4~T] 
we show the cross sections for the signal and for the backgrounds as a function 
of a cut in 6e and a corresponding cut in pj. For the signal we start with a cross 



Cut in de (degrees) 


10 


20 


30 


40 


50 


60 


^ ^ jj.^ V-c 


4.9 


4.6 


4.1 


3.5 


2.8 


2.1 


e^e^ pL+ Ve 


68.2 


26.3 


10.8 


4.4 


1.6 


0.5 


e+ ^ T+ ^ /!+ f'" Ve Vt Vt 


1.3 


0.8 


0.3 


0.2 


0.06 


0.01 



Table 4.1: Cross section (in fbarn) for the LFV signal and most relevant back- 
grounds to that process for several values of the angle cut between the outgoing 
electron and the beam axis. 
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section of 5 fbarn when no cuts are applied. Because of the mild dependence on 
de, a cut of 60 degrees will make the signal well above background. A further cut 
on the energy of the electron could be applied, say > 300 GeV. This would not 
affect the signal but will reduce the background even further. All calculations were 
performed at tree level with initial state radiation and final state radiation turned 
off. Another possibility for background reduction would be to use the polarization 
of the beams, a method known to be very efficient. Notice, however, that this pro- 
cedure might affect the extraction of four-fermion couplings from polarized beam 
experiments - if the signal is observed only for certain combinations of beam po- 
larizations, it could happen that only certain couplings, or combinations thereof, 
can be measured. 

Finally, some comments on the dependence of these results vis-a-vis expected 
improvements on the measurements of the LFV branching ratios of tab 12.31 Could 
it be that future experiments would tighten the constraints so much that there was 
no room available for discovery? Tau physics at BABAR and BELLE has provided 
the best limits so far on LFV involving the T lepton. The combined results from 
BABAR and BELLE on T ^ //. ai^e now reaching the level of 10^*^ and will be 
close to just a few 10^^ by 2008 [75]. More important to us are the decays T — > 
due to the constraints imposed on the four fermion operators. The latest results 
on Br(T III) from BABAR and BELLE are of the order of 10"^, with less than 
100 fb^^ of data analysed. A value of the order of a few 10^^ is expected when 
all data is taken into account [76]. Other planned experiments like MEG or SIN- 
DRUM2 (see [77]) will provide much more precise results for both pi — > e/and jie 
conversion, respectively. However, those results will not constrain any further the 
four-fermion couplings. The current limit eee) < 10^'^ at 90% CL [78] 

already excludes the possibility of finding LFV in the jxeee coupling. This limit 
will be improved by the Sundrum experiment (see [77]). Another possibility is the 
GigaZ option for the ILC, which probably would be earlier than an energy upgrade 
to ITeV. Again, the limits on the LFV branching ratios of the Z boson would be 
improved [79] but the bounds on the four-fermion couplings would not be affected. 
Lastly, LFV searches will also take place at the LHC. Preparatory studies on the 
LFV decay T ^ ixpLpL are being conducted by CMS [80], ATLAS [31] and also 
by LHCb [81]. During the initial low luminosity runs {lO-'iO fb-^ /year) for 
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2008-2009, searches for this decay may be possible. So far the limits predicted are 
only slightly better than the known hmits from the B-factories. Therefore, in the 
foreseeable future, the constraints on the four fermion T couplings arising from the 
branching ratios of table I could go down one order of magnitude, to the order of 
10^^. Accordingly, and repeating the calculations that led to figs. I4.7l and l4.8[ the 
maximum number of events expected at the ILC also goes down by one order of 
magnitude, to about 1000 events. Given the discussion on backgrounds above, we 
expect that detection of LFV at the ILC would still be possible, although harder. 
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4.A Single top production via gamma-gamma collisions 



In section 14.2.11 we argued that the couphngs corresponding to the operators 
of eqs. (??)- (14.31 ) were extremely limited in size by the existing experimental data 
for the branching ratios of the decays //, — > // 7. In fact, we even showed that the 
cross sections for the processes 77 li, li, eq. (14.191 ). were directly proportional to 
those branching ratios, and their values at the ILC were predicted to be exceedingly 
small. It is easy to understand, though, that we has defined operators analogous 
to those of eqs. (14.31 ) for quarks instead of leptons. In particular, we considered 
flavour-changing operators involving the top quark, which would describe decays 
such as t ^ uj or t ^ cj - and these decay widths have not yet been measured. 
The total top quark width being also a lot larger than the tau's or the muon's, it 
seems possible that the cross section for single top production via flavour- violating 
photon-photon interactions may well present us with observable values. 

The corresponding calculation (eq. 13.131 ) is altogether identical to the one we 
presented for the leptonic case. We find an expression for the width of the anoma- 
lous decay t — > ^7 nearly identical to that of eq. (14.141 ). Likewise, considering that 
the top quai^k's charge is 2/3 and the quarks have three colour degrees of freedom, 
we may rewrite the analog of eq. (14.191 ) as 



with Fyy given by an expression identical to eq. (14. 201 ). with the substitution ^ 
ifit. With a top total width of about 1.42 GeV and for ^/s equal to 1 TeV, this ex- 
pression can be integrated in t (with a pj cut of 10 GeV on the final state particles, 
to prevent any collinear singularities) and the total cross section estimated to be of 
the order 

a(77 ^ tq) ^ 90 X BR(? ^ ^7) pb . (4.47) 



da{YY —>■ tq) 
dt 



3mf^ s{mf^ — t)^t {mt^ — uf' u 



167raK 



T{t ^qy) 



(4.46) 



We see a considerable difference vis-a-vis the predicted leptonic cross sections, 
from eqs. (14.211 ) - this one is much larger. To pass from the photon-photon cross 
section to an electron-positron process, we apply the standard procedure: use the 
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equivalent photon approximation [71] to provide us with the probability of an elec- 
tron/positron with energy E radiating photons with a fraction ;c of E and integrate 
eq. (14.46b over x. For recent studies of photon-photon collisions at the ILC, see for 
instance [82]. The numerical result we found for the single top production cross 
section is 

a(e+f'" e+e^tq) = 1.08 x BR(f ^ ^7) pb . (4.48) 

For an integrated luminosity of about 1 ab^ ^ , this gives us about one event observed 
at the ILC for branching ratios of t ^ qy near the maximum of its theoretical 
predictions ~ 10^^. Clearly, this result means that this process should not be 
observed at the ILC, even in the best case scenario. However, in the event of non- 
observation, eq. (14.481 ) could be useful to impose an indirect limit on the branching 
ratio BR(f — > ^7). Several authors have studied single top production in 
collisions [68, 83]. For gamma-gamma reactions, single top production at the ILC 
in the framework of the effective operator formalism may has been studied in [84], 
and for specific models, such as SUSY and technicolor, in ref. [82]. 



Obtained in several models, such the two-Higgs doublet model or R-parity violationg SUSY 
theories [45]. 
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4.B Total cross section expressions 



We write the amplitude for the four-fermion cross sections in two parts. One 
for the s channel and the other one for the t channel. In doing so we are generalizing 
the four-fermion Lagrangian which for a gauge theory has equal couplings for both 
s and t channels. For the s channel the amplitude reads 

^7 = X4 [^'7 i^eYaYiUem^fm,) + iv,YiUe){ui,JjVi,)] (4.49) 

while for the t channel we have 

Tij = - ^4 [^7 YaYiUe){VefYjVe) + S-j {ui„ T^M,) (v./yV,)] (4.50) 

with i,j = L,R. With these definitions we can write 







\' 




T{e^e+ - 






= jii4u^\Vk + v;,R\^) 


Tie^et - 




1^ 


-_L/2|cf |2 


T{e^e+ - 






-_Lf2|cf |2 


T{eL4 - 


hthR) 




-_Lc2|<:^- |2 


T{eRel - 


IhRllL ) 




-J_c2|C^ |2 



and to obtain the expressions when only the f or 5' channels are present, you just 
have to set the s couplings or the t couplings, respectively, equal to zero, u, t and s 
are the Mandelstam variables defined in the usual way. 

The cross sections for polarized electron and positron beams with no detec- 
tion of the polarization of the final state particles were given in eq. (14.311 ). The 
International Linear Collider will have a definite degree of polarization that will 
depend on the final design of the machine. For longitudinal polarized beams the 
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cross section can be written as 



dOp_p. 1 



dt 4 



(i+A-)(i+p..)^ + (i-n-)(i-n.)^+ 



(4.52) 



where Orl corresponds to a cross section where the electron beam is completely 
right-handed polarized {P^- = +1) and the positron beam is completely left-handed 
polarized = — 1). This reduces to the usual averaging over spins in the case of 
totally unpolarized beams. For the general expression for polarized beams, as well 
as a study on all the advantages of using those beams, see [70]. 

In the main text we presented expressions for the differential cross sections. 
For completeness we now present the formulae for the total cross sections. For 
the four-fermion case, the expressions have a very simple dependence on the pj 



cut one might wish to apply, so we exhibit it. The quantity x= s^X—Apjjs, with 
Pj being the value of the minimum transverse momentum for the heaviest lepton, 
gives us an immediate way of obtaining these cross sections with a cut on the pj 
of the final particles. The total cross section is obviously the sum over all polarized 
ones, which gives us 

a = (4 1 V/, + + + 4 1 + + 

(4.53) 

As explained in the main text, the cross sections for processes (1,2) are obtained 
from eq. (14.531 ) by setting all of the "s" couplings equal to the "t" ones, and, for 
process (3), by setting the "t" couplings to zero. 



For the remaining cross section expressions we imposed no pj cut on any 
of the final particles. The total cross section for the Z couplings is given by, for 
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processes (1,2), 



a(i'2)(e-e+^4//) 



V r 2 

192 71 A4 M} s'^iMl-sf {Ml + s) ^'^3(^^)1%,! 

+F^{-gA)\r]hi\^ +FA{gA)\eL\^ + FA{-gA)\eR\^] 



(4.54) 



with 



Mf + s 



FsigA) = 6sM^ {M^ - s') log 

X [{gA - gv fM^ - 2{gl + gAgv + gl)sMl - {gl + g2 )/] _ s'mI {Ml + s) 



[6{gA - gvfM^, - 3(7gl - IgAgv + lgl)sMl + 2(7gl + 3gAgv + Vg^ 



48v2(M^-.2)(M2 + .)M^log (^j^) (gA -gv)' 
+ 8v2^ [3{gA - gvfMfilMl + s)- {5gl - ISgAgv + 5gl)s^M'^ 



-5{gl+g'y)s'Ml + 3igl+gl)s'] 



with interference terms 



,(1,2) 



ASA^Kis-M^s^ 
{gA - gv) {{12M^ + 6sMl - 14^2)Re (0^v£J _ s^Rc{dM } 

-{gA+gv){{ 12M^ + 6sMl - 14/)Re (0«y;«) - ^^Re (0^52^)} 

+ 3(m2 -^) (g^ -gv) {(4M4 + 8.M2 -4^2^Re(0iy£J -52Re(0«5^J} 

- (gA + §v) { (4M4 + 8^m2 - 4/)Re (0«v;«) - /Re (0l52«) } 

' ^ ' (4.55) 



Finally, for process (3), we have 



.(3) 



2 
V s 



192;rA4(M2-5)2 



[8(|eL|' + |0«|')v2 + (|T]w|2 + |T]„,|2)5] , (4.56) 
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and 



.(3) 



sv 



24;r(5-M2)A4 



[{gv + gA) Re (dRV^R) + {gv - gA) Re (eLV£J 



(4.57) 



126 Lepton flavour violating processes in the effective Lagrangian approach 



4.C Numerical values for decay widths and cross sections 

We present here numerical values for the several decay widths and cross sec- 
tions given in the text. We have set, in the following expressions, A to 1 TeV, the 
dependence in A being trivially recovered if we wish a different value for it. 

BR4/(At ^ III) = 2.3 X 10-\\Slr\^ + \Srl\^ + 4{\Vll\^ + \Vrr\^)) 
BR4/(t ^ ///) = 4.0 X 10-'{\Slr\'- + \Srl\^+4{\Vll\'- + \Vrr\^)) 
BRz(Ai ^ ///) = 8.2 X 10-4 (|0^|2 + |0^|2) +2.5 x lO-^Re(T]„,0£ + t]w0r) 
BRz(t ^ ///) = 1.4 X 10-4 (|0^|2 + |e^|2) +73 X lO-'Re(T]„,0£ + T]«0«) 
BR;„^(At ^ ///) = -1.4 X lO-^Re(0LV£i) + 1.1 x 10-^Re (eRV^^) 

+ 1.7 X 10-'/?e(T7ttV;R) -2.1 X lO-'Re{7iMVLL) 
BR/„,(t ^ ///) = -2.4 X 10 "^Re (0LV£i) + 1.9 x lO-^Re (0rVr*r) 

+ 4.8 X \0 ^Re imVRR) - 6.0 x 10-^Re (t^mVll) ■ (4.58) 



BR(Z ^ //) = 2.3 X 10-^(|t]«|2 + |t]„|2) + 6.7 x lO-^ie^p + |0«|2) 
BR(Z ^ ^l) = Br{Z II) - 2.0 x lO-'Re(0LT]A/ + 0rT],^,) 
BR(Z ^ zl) = Br{Z II) - 2.4 x 10-^Re (0lT]a/ + 0rT],^J . (4.59) 

For the cross sections, taking = 1 TeV and imposing a cut of 10 GeV on 
the pt of the particles in the final state, we have (in picobarn): 







//) = 2.58 + \Srl\') + 10.33 + \Vrr\') 






11) = 1.94 (|5lr|' + \Srl\') +2.58 + 






//) = l.Ox 10-2 |t]„,|2 + 9.7 X 10--'|t7w|2 + 5.7 x 10-^ (e^p + |0^|2) 


4%- 




//)= 1.6 X 10-4 (|0i|2 + |0«|2)+ 6.7 X 10-4 (|T]w|2 + |T]/ft|2) 






//) = 0.70Re {BlVIl) + 0. 19Re (0lS^J - 0.56Re (0rV;«) - 0.24 Re {BrSI^ 






11) = -2.6 X lO-2Re(0RVR*R) + 3.2 x lO-2Re(0LVil) . 



(4.60) 
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